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A B S T R A C T 

A h y d r o l o g i c a l study was undertaken to i n v e s t i g a t e p r e c i p i t a t i o n , 
e v a p o t r a n s p i r a t i o n and r u n o f f i n Lhe Browney b a s i n , n o r t h - e a s t England 
The a r e a l and s e a s o n a l d i s t r i b u t i o n of p r e c i p i t a t i o n during the p e r i o d 
1968-1972 were ana l y s e d and frequency a n a l y s i s were c a r r i e d out on the 
amounL of r a i n f a l l and the number of r a i n d a y s per month during the 
period 1939-1973 at Durham Observatory. There was a high c o r r e l a t i o n 
between y e a r l y p r e c i p i t a t i o n and a l L i t u d e October and September were 
the d r i e s t months of the year w h i l e February was the w e t t e s t month. 
The r e l a t i v e l y high i n t e n s i t y r a i n f a l l i n the l a t e summer months gave 
evidence for the occurrence of convectional r a i n during t h i s time of the 
year A wide range i n the amount of r a i n f a l l and i n the number of r a i n -
days for any given month a t Durham Observatory was observed 

To measure e v a p o t r a n s p i r a t i o n two s e t s of evapotranspirometers 
were i n s t a l l e d at two l o c a t i o n s j u s t o u t s i d e the extreme e a s t e r n ana 
western margins of the catchment Other methods for measurement or 
e s t i m a t i o n of e v a p o t r a n s p i r a t i o n i n the catchment were a l s o used These 
were the Penman and T l i o r n t h u a i t e formulae, the catchment water balance 
method and simple h y d r a u l i c l y s i m e t e r s The r e s u l t s of measured eva
p o t r a n s p i r a t i o n at the two l o c a t i o n s i n d i c a t e d g r e a t e r e v a p o t r a n s p i r a t i o n 
a t the higher e l e v a t i o n The use of simple h y d r a u l i c l y s i m e t e r s f o r 
the measurement of a c t u a l e v a p o t r a n s p i r a t i o n was d i s c a r d e d because of 
s i g n i f i c a n t d i f f e r e n c e s i n the r e s u l t s of two r e p l i c a t e s A comparison 
of the catchment water balance e v a p o t r a n s p i r a t t o n w i t h the r e s u l t s from 
the other methods r e v e a l e d t h a t t h e r e was some moisture d e f i c i t i n the 
catchment e s p e c i a l l y during the l a t e summer months 

S t u d i e s of r u n o f f data from the catchment showed s i g n i f i c a n t v a r i a 
t i o n s i n the y e a r l y , s e a s o n a l and s h o r t term p a t t e r n s These d i f f e r e n c e s 
were e x p l a i n e d by the d i f f e r e n c e s i n the anount and d i s t r i b u t i o n of pre
c i p i t a t i o n , e v a p o t r a n s p i r a t i o n and antecedent s o i l moisture c o n d i t i o n s 

The o \ e r a l l hydrology of the catchment was s t u d i e d by the s i m u l a t i o n 
of the flow r e c o r d s during the p e r i o d 1969-1973, u s i n g the S t a n f o r d 
Watershed Model IV The r e s u l t s obtained r e v e a l e d high c o r r e l a t i o n s 
betveen the monthly recorded and s i m u l a t e d flows The mean monthly r e 
corded flow during the f i v e year p e r i o d exceeded the simulated flow by 
2 per cent The a c t u a l e v a p o t r a n s p i r a t i on and groundwater components 
of the h y d r o l o g i c c y c l e T e r e a l s o s t u d i e d u s i n g the r e s u l t s of the 
s i m u l a t i o n method 
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INTRODUCTION 

T h i s t h e s i s attempts to study a number of a s p e c t s of the hydrology 

of the Browney b e t s i i - , n o r t h - e a s t England The main emphasis, however, 

i s on the study of e v a p o t r a n s p i r a t i o n and the d i g i t a l s i m u l a t i o n of stream 

d i s c h a r g e u s i n g the St a n f o r d Watershed Model IV 

I n the f i r s t chapter, the catchment c h a r a c t e r I S L I C S a r e b r i e f l y 

e x p l a i n e d The c h a r a c t e r i s e c s c o nsidered a r e geology, s o i l , land use, 

topography, shape and drainage net The h y d i o l o g i c a l importance of each 

of these f a c t o r s i s a l s o mentioned 

I n the second chapter, the s p a t i a l and temporal v a r i a t i o n s of pre

c i p i t a t i o n w i t h i n the catchment a r e d i s c u s s e d For t h i s purpose, the 

? " ? i l ? b l e p r e c i T " t a t i n n Hara from rhe seven raingauges i n s i d e or c l o s e 

to the b a s i n a r e used The e f f e c t of a l t i t u d e on p r e c i p i t a t i o n i s then 

i n v e s t i g a t e d and the r e s u l t s a r e presented 

I n view of the a v a i l a b i l i t y of long term p r e c i p i t a t i o n data a t 

Durham Observatory, a 35 year study of d a i l y r a i n f a l l amounts g r e a t e r 

than or equal to 0 2 mm, 1 mm, 2 mm, 5 mm and 10 mm i s made trom the 

r e s u l t s obtained, frequency curves of the number of days per month wi t h 

d i f f e r e n t r a i n f a l l amounts over the per i o d 1939-1973 a re p l o t t e d . F r e 

quency curves of y e a r l y r a i n f a l l , annual 24 hr maximum r a i n f a l l and 

monthly r a i n f a l l a r e a l s o p r e s e n t e d . L a t e r i n chapter two, the i n t e n s i t y 

of h o u r l y r a i n f a l l i n the catchment i s s t u d i e d For t h i s purpose the 

a v a i l a b l e r e c o r d i n g c h a r t s from the C a s e l l a r e c o r d i n g raingauge a t Durham 

Observatory over the period 1969-1974 a r e used. The h o u r l y r a i n f a l l data 

a r e a l s o grouped i n t o four c l a s s e s , g r e a t e r than or equal to 0.2 mm, 

1 mm, 2 mm, 5 mm and 10 mm From these data frequency curves of the monthly 

percentage of hours w i t h p r e c i p i t a t i o n of d i f f e r e n t amounts a re drawn. 

Evi d e n c e for the o c c u i r e n c e of c o n v e c t i v e p i e c i p i t a t i o n during the l a t e 

summer months i s given by a study of ho u r l y p r e c i p i t a t i o n data 

'1c 
Si 
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E v a p o t r a n s p i r a t i o n , the methods of i t s measurement i n the Browney 

b a s i n and the r e s u l t s obtained are d i s c u s s e d i n c h a p t e r s t h r e e to f i v e 

Thus, the t h i r d chapter s t a r t s with a d e f i n i t i o n of the evapo

t r a n s p i r a t i o n process and then the e f f e c t s of d i f f e r e n t c l i m a t i c , s o i l 

and p l a n t f a c t o r s upon i t a r e b r i e f l y e x p lained L a t e r i n t h i s chapter, 

the t h e o r e t i c a l , e m p i r i c a l and water balance methods fo r measurement 

of e v a p o t r a n s p i r a t i o n are e x p l a i n e d and the mathematical d e r i v a t i o n of 

the formulae a r e p i e s e n t e d 

I n chapter four, the methods a p p l i e d to measure e v a p o t r a n s p i r a t i o n 

i n the Browney b a s i n are o u t l i n e d ana the procedures followed a r e d i s 

cussed i n d e t a i l These methods are d i v i d e d i n t o two groups. Those 

employed to measure or e s t i m a t e e v a p o t r a n s p i r a t i o n under u n l i m i t e d 

moisture supply c o n d i t i o n s ( P o t e n t i a l E v a p o t r a n s p i r a t i o n ) , and those to 

measure or estimate e v a p o t r a n s p i r a t i o n under p r e v a i l i n g s o i l moisture 

c o n d i t i o n s i n the f i e l d ( A c t u a l E v a p o t r a n s p i r a t i o n ) 

I n chapter f i v e , the r e s u l t s of the e v a p o t r a n s p i r a t i o n study a r e 

shown The p r e s e n t a t i o n of the r e s u l t s commences with those of p o t e n t i a l 

e v a p o t r a n s p i r a t i o n at the two d i f f e r e n t l o c a t i o n s , Durham and Honey H i l l 

V a r i a t i o n s of p o t e n t i a l e v a p o t r a n s p i r a t i o n over a ten year period are 

then s t u d i e d F i n a l l y the r e s u l t s of the a c t u a l e v a p o t r a n s p i r a t i o n 

study a r e d i s c u s s e d 

I n chapter s i x , v a r i a t i o n s of y e a r l y , monthly and mean d a i l y run-

o f t a r e s t u d i e d and the d i s t r i b u t i o n of r u n o f f r t s u l t i n g from two s i m i l a r 

storms during the winter and summer seasons i n the catchment are d i s 

cussed The d u r a t i o n curves of y e a r l y and monthly r u n o f f during the 

p e r i o d October 1956 to September 1973 and the mean d a i l y flows during 

s e l e c t e d periods are a l s o presented The a v a i l a b l e data are then used 

to estimate the 100-year drought and the 100-year f l o o d for the catchment 
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The o v e r a l l hydrology of the basin i s s t u d i e d by s i m u l a t i o n 

m o d e l l i n g , using the Stanford Watershed Model IV. This model had been 

p r o g r e s s i v e l y developed at the Department of C i v i l Engineering, Univer

s i t y of Stanford, U S A . The f i n a l r e p o r t of t h i s pioneering work was 

re p o r t e d i n 1966 Since then the model has been a p p l i e d t o many water

sheds i n the U S A and elsewhere I n the United Kingdom, the a p p l i c a t i o n 

of the Stanford Watershed Model i s l i m i t e d t o studies on the River Clyde 

i n Scotland (Fleming, 1970, Bunny, 1973). One of the reasons f o r the 

l i m i t e d use of the model may be the la r g e amount of data which the 

model r e q u i r e s f o r proper s i m u l a t i o n of a r i v e r Another reason f o r the 

lac k of widespread use of the model i s explained by the d i f f i c u l t y which 

i s o f t e n experienced i n o p t i m i z i n g a r e l a t i v e l y l a r g e number of para

meters by manual or automatic o p t i m i z a t i o n methods The Stanford Water

shed Midel IV was o r i g i n a l l y developed f o r the p r e d i c t i o n of r u n o f f from 

ungauged basins and the extension of short term slreamflow records i n 

gauged basins However, i t has been s u c c e s s f u l l y used i n catchment water 

balance studies and i n s tudies of the e f f e c t s of a r t i f i c i a l changes of 

land use on the hydrology of a catchment. 

I n t h i s study there are two main o b j e c t i v e s i n the a p p l i c a t i o n 

of the Stanford Watershed Model IV t o the Browney basin 

1. - To t e s t the a p p l i c a b i l i t y of t h i s model i n s i m u l a t i n g hydro-

graphs of B r i t i s h r i v e r s , using the Browney r i v e r as a case study 

2 - To study the water balance equation of the Browney catchment, 

i n p a r t i c u l a r the groundwater component of the t o t a l r u n o f f and a c t u a l 

e v a p o t r a n s p i r a t i o n 

Thus, the s e c t i o n on s i m u l a t i o n s t a r t s i n chapter seven w i t h a 

review of some of the methods f o r studying and p r e d i c t i n g r u n o f f p r i o r t o 

the development of the Stanford Watershed Model IV 

I n the f o l l o w i n g chapter, the a p p l i c a t i o n of the Stanford Watershed 

Model IV i s discussed, i t s d i f f e i e n L parameters are defined and Ltie de-
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r i v a t i o n o f these parameters (measured and f i t t e d ones) are explained 

i n d e t a i l . 

I n chapter nine, the s e n s i t i v i t y of a parameter i s defined and 

the process of o p t i m i z a t i o n i s discussed. The r e s u l t s of s e n s i t i v i t y 

t e s t s of f i t t e d parameters as a p p l i e d t o the Browney basin are then pre

sented and the optimized values u l t i m a t e l y used i n the s i m u l a t i o n of the 

basin are shown. 

The r e s u l t s of s i m u l a t i o n modelling f o r the f i v e year period comm

encing January 1969 and ending September 1973 are presented i n chapter ten 

Later i n t h i s chapter the monthly and y e a r l y v a r i a t i o n s of ground

water f l o w and a c t u a l e v a p o t r a n s p i r a t i o n , as determined by t h i s model, 

are s t u d i e d . Subsequently the lmpor tance of accurate i n p u t p o t e n t i a l 

e v a p o t r a n s p i r a t i o n data i n the model are i n v e s t i g a t e d . For t h i s purpose, 

the v a r i a t i o n s i n the y e a r l y , monthly and d a i l y r u n o f f r e s u l t i n g from 

two d i f f e r e n t sets of p o t e n t i a l e v a p o t r a n s p i r a t i o n data (Penman evapo

r a t i o n and e v a p o t r a n s p i r a t i o n ) are studied 

I n the l a s t chapter of t h i s t h e s i s , the major conclusions reached 

as the r e s u l t of t h i s study are presented. 

I t should be mentioned t h a t throughout tlu.s study the term 'water 

year' i s used to denote the year s t a r t i n g October of the preceding 

year and ending September of the c u r r e n t year. Thus water year 1972 

r e f e r s t o the year s t a r t i n g October 1971 and ending September 1972 

I t has been attempted t o express the r e s u l t s of t h i s study i n 

terms of m e t r i c system of u n i t s . However i n the s e c t i o n on s i m u l a t i o n , 

since a l l the i n p u t and output data of the Stanford Watershed Model IV 

are i n E nglish u n i t s , the diagrams i n t h i s s e c t i o n are expressed i n 

E n g l i s h u n i t s a l s o . I n the t e x t , on the other hand, the equivalent m e t r i c 

values are included i n parenthesis S i m i l a r procedure i s f o l l o w e d i n 

the f i r s t chapter where some map i n f o r m a t i o n l s i n terms of English 

system of u n i t s . 
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CHAPTER ONE 

CATCHMENT CHARACTERISTICS 

The Brovney P i " e r i s a t r i b u t a r y of the River Wear i n County Durham, 

north-east England (Figs 1 and 2) I t r i s e s i n the Pennine Uplands 

( A l s t o n Block) and j o i n s the River Wear i n the Wear Lowlands. The 

A l s t o n Block i s composed of a r i g i d block of sediment i n the western 

p a r t of the County. I t f a l l s g r a d u a l l y i n hcighL i n an e a s t e r l y d i r e c t i o n , 

u n t i l a t around 120 m, i t merges i n t o the Wear Lowlands (Beaumont, 

1970) . 

The Browney River w i t h i t s t r i b u t a r y , the Deerness, drains an area 
2 2 

of 69.7 mi (178 km ) i n an easLerly d i r e c t i o n The area was determined 

bv p l a n i m e t e r i n g on a 1 25000 0.S map, using the topographic boundary 

as the basis of separation of the catchment fiom i t s adjacent ones 

I t has been assumed t h a t the watershed and the groundwater boundaries 

c o i n c i d e . 

The Brovney River r i s e s on the moors near Burn H i l l (082 444, 

sheet 84), w h i l e the Deerness r i s e s at Tow Law (122 392, sheet 84), 

( C a l v e r t , 1884 as r e p o r t e d by Smith,P«1972) . The catchment i s 9 8 mi 

(15 8 km) long and i t s average w i d t h i s about 7 1 mi (11 4 km) 

Geology. The geology of Durham County, of which the Browney catchment 

i s a p a r t , i s the r e s u l t of t e c t o n i c a c t i v i t y causing f r a c t u r i n g and 

f o l d i n g rocks which has brought their t o t h e i r present p o s i t i o n . These 

rocks range from Carboniferous t o Jura s s i c i n age The olde s t rocks 

outcrop i n the western h i l l margin and d i p eastward under a p r o g r e s s i v e l y 

younger rock cover Much of the s o l i d rock, p a r t i c u l a r l y i n the lowland 

zone i s covered by deposits of g l a c i a l d r i f t (Cairney et a l , 1970). 

The thickness of the d r i f t cover d i f f e r s even w i t h i n r e l a t i v e l y short 

distances and the thickness i s appreciable below a heig h t of 150 m. 

Thi <? f a c t was confirmed by Francis (1970) who s t a t e d t h a t d r i f t covei 
on the ri d g e s i s g e n e r a l l y t h i n and impersiscent He thus concluded 
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t h a t the p r i n c i p a l d r i f t deposits are s i t u a t e d along the l i n e s of the 

major v a l l e y s . 
( 

The g l a c i a l depositb have i n f a c t b u r i e d the v a l l e y s associated 

w i t h the present r i v e r s and according t o Beaumont (1970), the most 

widespread of these d r i f t deposits i s the lower boulder clay which nearly 

always r e s t s upon s o l i d rock. This t i l l i s a s t i f f dark grey or grey-

brown sandy clay and i n the Wear lowlands contains much Carboniferous 

m a t e r i a l I n many places, i t i s compact and tough w i t h l a r g e boulders 

The Carboniferous rocks forming the s o l i d geology of the Browney 

catchment belong t o the Coal Measures Group. The term Coal Measures i s 

given t o a s e r i e s of sedimentary cycles each composed of the general 

sequence - shale - s i l t s t o n e - sandstone - sea t e a r t h - coal - i n 

ascending order (Johnson, 1970). The Coal Measures are d i v i d e d i n t o 

Lower, Middle and Upper d i v i s i o n s . The Lower Coal Measures are a sandy 

se r i e s w i t h mainly t h i n coal seams i n the west of Durham The Middle 

Coal Measures c o n t a i n t h i c k coal seams. The Upper Coal Measures are 

mostly shaly and are not represented i n Ihc Browney area (Smith,""1972) 

The Lower and Middle Coal Measures which are represented i n the study 

area are shown diagrammatically i n Appendix 1. 

The geology of a catchment a f f e c t s the h y d r o l o g i c c y c l e by con

t r o l l i n g the baseflow component of r u n o f f . I f the rocks are of h i g h 

storage c a p a c i t y , then the baseflow c o n t r i b u t i o n i s h i g h . I f the rocks 

are not porous, then there w i l l not be any s u b s t a n t i a l baseflow and, 

t h e r e f o r e , the y e a r l y hydrograph would be more peaked and the r i v e r would 

be f l a s h y 

For the Browney basin the rocks are not the best f o r the storage 

of groundwater. However due t o coal mining l a r g e c a v i t i e s have been 

created i n some of the a q u i f e r s which can s t o r e l a r g e volumes of water. 

Some o f the water thus stored i n the mining c a v i t i e s i s being pumped ou>. 

i n t o the r i v e r . 
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S o i l The s o i l s , and i n p a r t i c u l a r cheir p h y s i c a l p r o p e r t i e s are a very 

important f a c t o r a f f e c t i n g the hydrology of a catchment S o i l t e x t u r e 

and s o i l s t r u c t u r e determine the r a t e of i n f i l t r a t i o n , and thus a f f e c t 

r u n o f f volume and r u n o f f d i s t r i b u t i o n w i t h respect t o time They also 

determine the capacity of the s o i l t o s t o r e moisture. S o i l moisture 

storage a f f e c t s actual e v a p o t r a n s p i r a t i o n d u r i n g dry p e r i o d s . I t also 

i s considered as an index of f l o o d p o t e n t i a l . 

I n the area under study the major s o i l type i s formed by the 

heavy grey t i l l of the Carboniferous rocks, though t h e r e are s o i l types 

which are developed on a l l u v i u m , f l u v i o - g l a c i a l deposits and sandstones. 

The p r i n c i p l e c h a r a c t e r i s t i c s of the s o i l of the County of which the 

catchment i s a p a r t , c o n s i s t of a grey-brown sandy loam or loam surface 

h o r i z o n , a m o t t l e d yellow-brown sandy c l a y loam B h o r i z o n , which o v e r l i e s 

a grey sandy clay loam or c l a y loam t i l l (Stevens and Atkinson, 1970) 

The reconnaissance map of Durham by the S o i l Survey of England 

c l a s s i f i e s the s o i l of the d i s t r i c t undei three main se r i e s ( J a r v i s 

and Stevens, 1969, quoted by Smith, 1972) 

1. Newburn Series 

Type sandy loam, loamy sand 

Topography high r i d g e s 

S i t e drainage seasonal drought 

P r o f i l e drainage excessive t o f r e e 

Parent m a t e r i a l Coal Measures,sandstone 

P r o f i l e 0-17.5 cm, y e l l o w i s h brown, few stones, n u t t y s t r u c t u r e , 

porous 17.5 cm, b r i g h t y e l l o w i s h brown micacioussandy brash Wea

t h e r i n g rock. 

2. Improved Croxdale Scries 

Type loamy, sandy loam 

Topography r o l l i n g slopes 

S i t e drainage seasonally wet 



10. 

P r o f i l e drainage imperfect 

Parent m a t e r i a l Coal Measure t i l l 

P r o f i l e 0-25 4 cm, dark brown t o brown, stony, crumb s t r u c t u r e , 

porous and f r i a b l e . 

25.4- 53.3 cm, b r i g h t yellowish-brown loam t o sandy loam, very s t r o n g , f i n e 

cloddy s t r u c t u r e , s l i g h t l y compact, m o t t l e s , occasional MnQ^ 

53 3 cm, yellow-brown t r u e sandy c l a y loam w i t h g r e y i s h t i n g e , numerous 

boulders, c l o d d l y s t r u c t u r e , compact Mn02, m o t t l i n g and grey c o a t i n g on 

faces of s t r u c t u r a l elements. 

3. Croxdale Series 

Type sandy loam, loam 

Topography u n d u l a t i n g 

S i t e drainage seasonally wet 

P r o f i l e drainage impeded 

Parent m a t e r i a l Coal Measure t i l l 

P r o f i l e 0-20 3 cm, dark grey-brown, stoneless, f i n e cloddy s t r u c t u r e , 

compact, much r u s t y m o t t l e 

20.3-30.5 cm, dark grey-brpwn loamy sand s i m i l a r t o above l a y e r . 

30.5- 61 cm, y e l l c T , i s h - b r o w n coarse sandy clay loam w i t h grey marbling, 

many stones, p r i s m a t i c s t r u c t u r e , f i s s u r e s and tenacious r u s t and Mn02 

m o t t l i n g 

61 cm, dark brown c l a y loam w i t h grey marbling, many stones and occasional 

boulders. 
2 

The s o i l s of about twenty square nuies (51 km ) of the Browney-

Deerness v a l l e y were s t u d i e d m d e t a i l by Smith (1972). According t o the 

r e s u l t s of t h i s study, the s o i l s of the r e g i o n are d i v i d e d i n t o seven 

s e r i e s , namely Esh, Broom, Opencast, Ushaw, W i t t o n and G i l b e r t , 

Browney and Deerness. Three of these series e.g Esh, Broom and Opencast 

are derived from Carboniferous rocks or clay parent m a t e r i a l w i t h a 

heavy to moderately f i n e t e x t u r e d s o i l Tnese s o i l s have impeded or mi-
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p e r f e c t drainage and they occur mostly on slopes of v a r y i n g steepness and 

on the i n t e r f l u v e s 

The s o i l s of the Ushaw series are developed on sandstone parent 

m a t e r i a l and occur on the r i d g e tops They are of l i m i t e d extent and 

have f r e e drainage 

The s o i l s of W i t t o n and G i l b e r t series are developed on f l u v i o -

g l a c i a l g r a v e l s . Generally the amount of clay present i n the p r o f i l e 

i s low r e s u l t i n g i n f r e e drainage. These s o i l s occur along v a l l e y bottoms. 

The s o i l s of the Browney Deeiness se r i e s are developed on a l l u v i u m 

and they provide the deepest r o o t i n g zones i n the area. They are of 

moderately coarse t e x t u r e w i t h sandy loam predominating. 

The dominant s o i l s i n the area of Smith's d e t a i l e d survey are the 

Esh and Broom se r i e s which cover more than 60% of the s o i l s s t u d i e s . 

These two s o i l s e r i e s are very s i m i l a r t o those of the improved Croxdale 

and Croxdale Series, mentioned e a r l i e r 

p^ Curve One of the most important p h y s i c a l p r o p e r t i e s of a s o i l i s 

i t s c a pacity f o r h o l d i n g moisture and i n p a r t i c u l a r the moisture w i t h i n 

the lange between f i e l d c a pacity and permanent w i l t i n g p o i n t The amount 

of moisture i n thi 1? range i s c a l l e d a v a i l a b l e water and i s used by crops 

and v e g e t a t i o n during a drought period 

I n view of t h i s importance of s o i l moisture content, an attempt 

was made to prepare moisture r e t e n t i o n curves of the s o i l s at Durham 

Observatory (267 415) and Honey H i l l (052 468) ( F i g . 3 ) . These are the 

l o c a t i o n s at which e v a p o t r a n s p i r a t i o n d i i d were c o l l e c t e d . 

The s o i l moisture r e t e n t i o n curve (\? curve as suggested by 

S c h o f i e l d i n 19^5 f o r ease i n g r a p h i c a l r e p r e s e n t a t i o n and t a b u l a t i o n ) 

shows the r e l a t i o n between moisture te n s i o n and water content i n the 

moisture range associated w i t h p l a n t growth To c o n s t r u c t the curve, a 

pressure membrane apparatus was employed (Richard J 952) Nine moisture 

content values COCYespending co nine tensions a p p l i e d were determined. 
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For each determination two samples from each l o c a t i o n were used. 

Tables 1 and 2 show the r e s u l t s of moisture r e t e n t i o n curve and 

t e x t u r a l a n a l y s i s (Hydrometer method) of the s o i l s from Durham Observatory 

and Honey H i l l . These r e s u l t s show t h a t the t o t a l a v a i l a b l e water f o r 

the Durham Observatory s o i l i s 13 2 per cent, w h i l e t h a t f o r the Honey 

H i l l s o i l i s 11.3 per cent These f i g u r e s were obtained by deducting 

the values of the permanent w i l t i n g p o i n t , (corresponding t o 15 atmospheres) 

Table 1 p values and the corresponding moisture content 
of s o i l s a t Durham and Honey H i l l 

f 1 
p values 
Atmosc Eqi' 

1 0 
1/100 

1.7 
5/100 

2 0 
1/10 

2.5 
1/3 

2 8 
2/3 

3 0 
1 

3.4 
2 5 

3.8 
6.4 

4.2 
15.0 

% moisture content of s o i l s 

Durham Obs. 45 5 40.6 36 5 29 3 24.2 22 0 19 0 17.1 16.1 

Honey H i l l 36 3 32 4 30.1 24 9 21 2 18 6 16 0 14 7 13 6 

from those of f i e l d c a p a c i t y (corresponding t o 1/3 atmosphere). Thus 

the maximum a v a i l a b l e water at Durham Observatory would be 132 mm per 

metre of s o i l , w h i l e at Honey H i l l , the corresponding f i g u r e i s 113 mm 

per metre of s o i l The d i f f e r e n c e i n the amount of a v a i l a b l e water a t 

Durham and Honey H i l l i s explained by the t e x t u r a l d i f f e r e n c e s of the 

s o i l s . The s o i l at Honey H i l l i s l i g h t e r i n t e x t u r e , sandy c l a y loam, 

compared w i t h c l ay loam at Durham I t has a lower capacity f o r h o l d i n g 

moisture and, t h e r e f o r e , d u r i n g a drought p e r i o d , the Honey H i l l s o i l 

can support the water need of the crops f o r shorter periods than the s o i l 

from Durham Observatory. 
Table 2 Results of t e x t u r a l a n a l y s i s of s o i l s a t Durham 

and Honey H i l l 

S o i l s % sand % s i l t % c lay t e x t u r e 

Durham 33.0 31 5 35 5 cl a y loam 

Honey H i l l CO 5 15.0 o / t; 
t- T -1 

sandy c l a y loa 1" 
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Land Use Land use or land management i s another f a c t o r s i g n i f i c a n t l y 

a f f e c t i n g r u n o f f from a catchment. A v e g e t a t i o n cover lowers the v e l o c i t y 

of r a i n drops s t r i k i n g the s o i l surface I t also improves the s t r u c t u r e 

of the s o i l and increases the i n f i l t r a t i o n c a p a c i t y . Therefore r u n o f f 

w i l l be lower from a s u i l under v e g e t a t i o n than from a s o i l w i t h no p l a n t 

cover. Other e f f e c t s of land use on the hydrology of a catchment are due 

t o processes of i n t e r c e p t i o n and e v a p o t r a n s p i r a t i o n , e.g. as the per

centage of v e g e t a t i o n increases, the volume of water stored by i n t e r 

c e p t i o n and used by e v a p o t i a n s p i r a t i o n increases. 

I n the Browney catchment, the main land use i s a g r i c u l t u r e , 

though there are some p o r t i o n s of the area taken by woodland, settlement, 

mine working or d e r e l i c t l a n d . The percentage of these d i f f e r e n t f a c t o r s 
2 

of land use f o r about twenty square miles (51 km ) of the Browrey Deerness 

v a l l e y i s given by Smith (1972) as f o l l o w s 
A g r i c u l t u r e 73% 
Fo r e s t r y plarifction 7.25% 
Settlement i n c l u d i n g roads 15% 
Recreation areas 1.4% 
Mining and i t s legacy 2.6% 
I n d u s t r i a l land 0.75% 

For the catchment as a whole the area of settlement i s 7.0 per

cent as determined by p l a n i m e t e r i n g on a 1 25000 0 S map, w h i l e the 

t o t a l area of f o r e s t r y p l a n t a t i o n and a g r i c u l t u r e i s higher than i n 

the sample study. 

Shape The shape of a catchment governs the form of the hydrograph 

and the peak f l o w r a t e . Long narrow catchments would be expected to 

have attenuated f l o o d discharge periods, whereas round basins would be 

expected t o have sharply peaked hydrographs. I n s p i t e of the d i f f i c u l t y 

o f expressing shape n u m e r i c a l l y , several i n d i c e s have been suggested 

and used. Wisler and Brater (1959) r e f e r t o two i n d i c e s given by 

GravelIUS (1914) The f i r s t , termed the compactness c o e f f i c i e n t , i s 
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the r a t i o of the perimeter of the watershed t o the circumference of a 

c i r c l e whose area i s equal t o t h a t of the drainage basin. This co

e f f i c i e n t i s a measure of i t s f l o o d p o t e n t i a l The closer the index i s 

t o u n i t y , the greater i s the c i r c u l a r i t y of the basin and the more sus

c e p t i b i l i t y t o f l o o d i n g The value of t h i s index f o r the Browney catch

ment i s c a l c u l a t e d as = ^ 2 = 1 45 (p i s the perimeter w i t h the 
2 2 

value of 43 0 miles (69 2 km) and A i s area which i s 69 7 m (178 km ) ) 

The second index also proposed to Gravelius i n 1914, i s the form f a c t o r 

derived by d i v i d i n g the average w i d t h of the catchment by i t s a x i a l 

l e n g t h The a x i a l length i s the length measured from the o u t l e t t o the 

most remote p o i n t i n the catchment The value of the form f a c t o r f o r 

a compact catchment i s close t o u n i t y , w h i l e a long narrow catchment has 

a low form f a c t o r value. Comparing two catchments of s i m i l a r s i z e , the 

one w i t h a lower form f a c t o r , g e n e r a l l y y i e l d s a lower peak r u n o f f , 

since a heavy r a i n f a l l i s less l i k e l y t o f a l l simultaneously over the 

e n t i r e area For the Browney, the form f a c t o r i s ^"^/g g - 0.72 
A t h i r d index of shape i s M i l l e r ' s c i r c u l a r i t y r a t i o (Rodda, 1971) 

A b 

represented by Rc = ^— i n which A^ i s the area of the basin, and A 
c 

i s the area of the c i r c l e w i t h the same l e n g t h as the perimeter of the 

drainage basin M i l l e r ' s index i s u n i t y f o r a c i r c u l a r basin, and f o r 

two basins of equal s i z e the f l o o d p o t e n t i a l would be greatest f o r the 

one w i t h the smallest A value. M i l l e r found t h a t the c i r c u l a r i t y r a t i o 
c 

remained remarkably uniform i n the range 0 6 t o 0 7 f o r f i r s t and second 

order basins i n homogeneous shales and dolomites, i n d i c a t i n g the tendency 

of small drainage basins i n homogeneous geologic m a t e r i a l to preserve 

geometrical s i m i l a r i t y ( S t r a h l e r , 1964) M i l l e r ' s index was employed i n 

a nalysing the f l o w from a number of Appalachian basins, but i t was found 

t o have a low c o r r e l a t i o n w i t h peak discharge (Rodda, 1971). The value 
69 7 

of M i l l e r ' s index f o r the Browney basin is... 1 , = 0 47 



E l e v a t i o n . For an ana l y s i s of the e l e v a t i o n c h a r a c t e r i s t i c s of the 

basin, the a r e a - e l e v a t i o n d i s t r i b u t i o n was determined by an a l y s i s of 

contour i n f o r m a t i o n from a ] 63360 0 S map (Fig.4) The area l y i n g 

between successive 100 f t (30.5 m) contour i n t e r v a l s was measured. The 

percentage of the t o t a l t h a t each of these areas for-.i was then com

puted and the percentage of the t o t a l area l y i n g above and below each 

d i f f e r e n t contour was obtained by summation (Table 3 and Fig.5) 

Table 3 The percentage of area above or below the i n d i c a t e d 
e l e v a t i o n s 

Contour e l e v a t i o n Area between ^ 
contours i n km 

7o of t o t a l 
area 

% t o t a l 
over 
lower 
l i m i t 

% t o t a l lower 
thdn upper 
l i m i t f t (n. ) 

Area between ^ 
contours i n km 

7o of t o t a l 
area 

% t o t a l 
over 
lower 
l i m i t 

% t o t a l lower 
thdn upper 
l i m i t 

i t;r\ o o n f 1 C -7 V ~r~* . ' An ON 1 Q 
j . * w 

1 r> 
\J 

1 r^n r\ 
J WW «u 

1 r> 
^ 1 u 

200 300 (60 9 - 91 4) 9 4 5.2 99 0 6 2 
300-400 (91 4 - 121.9) 19 8 11.0 93.8 17 2 
400-500 (121 9 - 152.4) 21 2 12.0 82 8 29 2 
500-600 (152 4 - 182 9) 24.3 13 8 70 8 43.0 
600-700 (182 9 - 213.4) 26.6 15 1 57 0 58.1 
700-800 (213.4 - 243 9) 28 1 15.9 41.9 74 0 
800-900 (243 9 - 274 4) 21.6 12.1 26 0 86 1 
900-1000 (274.4 - 304.9) 12 9 7.2 13.9 93.3 

1000-1100 (304.9 - 335 4) 7.7 4.3 6.7 97 6 
1100-1200 f335.4 - 365 9) 2 3 1.2 2.4 98.8 
1200-1250 (365 9 - 381 1) 2 3 1.2 1 2 100 0 

I n the Browney catchment e l e v a t i o n ranges from 150 f t (45.7 m) 

at Low Burn H a l l (252 384) to about 1,250 f t (381.1 m) near Moss Hole 

Corner (056 447), Honey H i l l The mean e l e v a t i o n of the catchment was 

obtained using the formula E =^ae/A i n which 

a - i s the f r a c t i o n of area between successive contours, 

e — i s the mean e l e v a t i o n of contours and 

A - i s the t o t a l area of the basin 

The mean e l e v a t i o n of the catchment from the above formula i s 642 f t 

(195 7 m). 
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As f o r the e f f e c t of e l e v a t i o n upon the hydrology of a catchment, 

i t i s clear t h a t an increase i n e l e v a t i o n r e s u l t s i n a decrease i n 

temperature and an increase i n p r e c i p i t a t i o n depth The e f f e c t of 

e l e v a t i o n upon p r e c i p i t a t i o n depth i s very l a r g e w i t h i n the Browney 

basin and t h e i r r e l a t i o n s h i p w i l l be st u d i e d i n the f o l l o w i n g chapter. 

E l e v a t i o n also a f f e c t s the p r e c i p i t a t i o n form. However i t s e f f e c t upon 

the e v a p o t r a n s p i r a t i o n process i s not w e l l understood This has also 

been i n v e s t i g a t e d i n t h i s study and the r e s u l t s are presented i n the 

chapter on e v a p o t r a n s p i r a t i o n 

Slope The f o l l o w i n g procedure was adopted t o determine the slope of 

the catchment (Nash,1966). 

At the i n t e r s e c t i o n poinLs of the g r i d l i n e s on a 1 25000 0 S. 

map of the catchment, the distances between adjacent 25 f t (7 6m) con

t o u r s were measured. These distances were then used t o take the slope 

at each p o i n t . An a n a l y s i s of the frequency d i s t r i b u t i o n of these slope 

values was made and the r e s u l t s are t a b u l a t e d i n Table 4 and shown i n 

F ig.6. The number of i n t e r s e c t i o n p o i n t s was 152. 

Table 4 Percentage of area w i t h slopes above the i n d i c a t e d 
values 

l i m i t of 70 slope Area i n j % of t o t a l 7o of area over 
sq mis (km ) lower l i m i t 

0-5 18.5 (47 2) 26.50 100.0 
5-10 35.7 (91 2) 51.20 73.5 

10-15 10.5 (26.8) 15.10 22.3 
15-20 4.1 (10 5) 5.90 7 2 
20- 0.9 (2 3) 1 30 1.3 

The mean slope of the catchment i s 5 9%, w h i l e the median slope 

i s 6.4% The importance of the slope of a catchment i s on i t s c o n t r o l 

over the time of overland f l o w and iLs i n d i r e c t e f f e c t on i n f i l t r a t i o n 

and r u n o f f magnitude. I n other woids wich an increase i n slope, the 
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v e l o c i t y of overland f l o w increases. Thus, the time d u r i n g which 

moisture can i n f i l t r a t e i n t o the s o i l decreases, and as a r e s u l t , r u n o f f 
• 

magnitude increases. 

Drainage network The drainage network i s described by the order of the 

streams, l e n g t h of t r i b u t a r i e s , stream d e n s i t y , drainage d e n s i t y and 

l e n g t h of overland f l o w The drainage-network governs the shape of the 

hydifograph and Lhe e f f i c i e n c y of the drainage system For example, the 

l a r g e r the number of branches and segments of each branch, the more 

attenuated are Lhe f l o o d discharge periods and v i c e versa. 

Stream order I t i s t h i s index which r e f l e c t s the branching or b i -

f u r d j L i o n i n the basin. Horton ( 1 9 4 5 ) (Wisler and B r a t e r , 1 9 5 9 ) has 

c l a s s i f i e d stream order by assigning 1 t o Lhe small unbranched, f i n g e r 

L i p t r i b u t a r i e s , 2 t o those streams w i t h two branches of f i r s t order, 

3 t o those w i t h two branches of second order, e t c . - S t r a h l e r ( 1 9 6 4 ) 

adopting t h i s system considers the unbranched t r i b u t a r i e s as order one, 

where two branches of f i r s t order meet, LhaL forms a second order and 

where two second order branches, t h i r d order i s formed. 

Shreve ( 1 9 6 6 ) suggested another o r d e r i n g method i n which Lhe 

value of any order r e f l e c t s the number of f i r s : order streams feeding 

i n t o i t . 

I n t h i s study the S t r a h l e r system of c l a s s i f i c a t i o n has been a p p l i e d 

t o the Browney River using a 1 2 5 0 0 0 O.S. map which i s the basis of any 

l a r g e scale i n v e s t i g a t i o n The r e s u l t s of t h i s a n a l y s i s are presented 

i n Table 5 . 

I t i s shown t h a t w i t h an increase i n stream order, the number of 

segments decrease. The p l o t of the number of segments versus order on 

a semi-logarithmic paper gives an approximate s t r a i g h t l i n e r e l a t i o n s h i p 

( F i g . 7 ) The antalog of the re g r e s s i o n c o e f f i c i e n t , known as the b i 

f u r c a t i o n r a L i o i s the index f o r the degree of branching ( 3 2 0 ) and i s 

JniportariL J.H C U I I L L o i l i n g L I I C peakeuuebS o f Lhe l u n o f f hydrograph. 



300 
order No 200 

327 
66 

100 6 

3> 

© 

10 

Regression coefficient =-0 505 
Bifurca*'on ratio = 3 20 

01 
0 

Order U 

Fig 7 Plot of number of stream segments versus 
order with a fitted regression 



23. 

Table 5 Stream order, number of segments i n each order, 
t o t a l l e n g t h and mean l e n g t h of segments of each 
order f o r the Browney River 

Stream order Number of segments T o t a l l e n g t h Mean l e n g t h of segments 
i n each order miles (km) miles (km) 

1 327 83 44 (134 2) 25 (0 40) 
2 66 43 76 (69 9) .66 (1.1) 

4 3 16 29 56 (47 6) 1 84 (2.9) 
4 4 20.60 (33 1) 5 15 (8.3) 
5 2 15.56 (25 0^ 7 78 (12 5) 
6 1 3.96 (6 4) 3 96 (6 4) 

Chorley (1971) s t a t e s t h a t "The b i f u r c a t i o n r a t i o f o r a given d e n s i t y 

of drainage l i n e s i s very much c o n t r o l l e d by basin shape and shows very 

l i t t l e v a r i a t i o n ( r a n g i n g between 3 and 5) i n homogeneous bed rock from 

one area t o another Where s t r u c t u r a l e f f e c t s cause basin e l o n g a t i o n , 

however, t h i s value may increase appreciably" For the Browney catchment 

the b i f u r / c a t i o n r a t i o i s 3.20 which means t h a t on the average there 

are 3.20 times as many channel segments of any given order as of the 

next higher order. 

Length of streams The l e n g t h of t r i b u t a r y streams i s a f u n c t i o n of the 

order of t r i b u t a r i e s . When the mean lengths of t r i b u t a r i e s are p l o t t e d 

versus t h e i r orders on semi-logarithmic paper, an approximate s t r a i g h t 

l i n e r e s u l t s and the a n t ] l o g of the r e g r e s s i o n c o e f f i c i e n t i s the length 

r a t i o . The value of l e n g t h r a t i o f o r the Browney catchment i s 1.89,(Fig 8) 

I t should be s t a t e d t h a t the above mentioned law has not been 

f u l l y a p p l i c a b l e t o the Browney River, and t h a t the mean l e n g t h of the 

two f i f t h order streams has been higher than t h a t of order 6 (Table 5 ) . 

The importance of the l e n g t h of t r i b u t a r i e s i s ascribed t o t h e i r 

i n d i c a t i o n of the degree of drainage and the steepness of drainage basin 

Steep w e l l d r a i n e d areas u s u a l l y have numerous small t r i b u t a r i e s , wheieas 

i n p l a i n regions where the s o i l s are deep and permeable, only r e l a t i v e l y 
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long t r i b u t a r i e s are maintained as per e n n i a l streams (Wisler and Bra t e r , 

Drainage Density. This i s the average l e n g t h of streams per u n i t area 

w i t h i n the basin 1 e. D = ̂  where L i s the t o t a l l e n g t h of streams 

i n the basin and A i s the drainage area Drainage d e n s i t i e s vary from 
2 

w e l l below 1 mile/sq. m i l e (0 63 km/km ) i n p oorly drained basins t o 
* 2 

more than 5 mile/sq m i l e (3 2 km/km ) i n e x c e p t i o n a l l y w e l l drained 

basins ( L i n s l e y et a l , 1949). I n general low drainage d e n s i t i e s are 

found i n regions of h i g h l y permeable s u b s o i l m a t e r i a l under dense veg

e t a t i o n cover and where r e l i e f i s low High drainage d e n s i t i e s occur 

i n regions of impermeable subsurface m a t e r i a l s , sparse v e g e t a t i o n and 

mountainous r e l i e f . 
2 2 

The value of drainage d e n s i t y i s 2 82 mi/mi ( 1 73 km/km ) f o r the 

Brov,ney catchmenl The drainage map of the basin (Fig.2) shows t h a t 

the drainage d e n s i t y i s highest i n the headwaLer s e c t i o n of the catchment. 

Length of overland f l o w This parameter i s a measure of stream spacing 

or the degree of d i s s e c t i o n and i s determined from the formula 

1.^ - i s l e n g t h of overland f l o w 

D - i s drainage d e n s i t y 

S - i s channel slope c 
- i s the average ground slope (Horton, 1945, S t r a h l e r , 1964) 

The value of t h i s parameter f o r the Browney River i s 0.177 miles (0.285 km) 

L o n g i t u d i n a l p r o f i l e of the stream channel The stream p r o f i l e i s a 

p l o t of h o r i z o n t a l distance along the stream versus e l e v a t i o n The slope 

of a stream between any two points as taken as the f a l l between the 

p o i n t s , d i v i d e d by the stream length I f the segments of a given order 

are combined i n t o a s i n g l e averagp segment, then the average slope of 

the channel segments of t h a t order i s the average v e r t i c a l f a l l over the 

mean h o r i z o n t a l l e n g t n This piocedure has been f o l l o w e d f o r f i n d i n g 

1959) . 

Vi-C S c/s / ) i n which 2D g 
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the slopes of d i f f e r e n t orders of the Browney River and the composite 

p r o f i l e i s p l o t t e d i n F i g 9. I t i s shown t h a t the average slope f o r a 

given order i s more than t h a t of a higher order and less than a lower 

one This r e l a t i o n s h i p i s known as the law of stream slopes and i s 

s i m i l a r t o t h a t of stream slopes (Horton ,1945, StraLler,1964) The 

p l o t of mean stream slopes i n f t / m i l e versus stream order i s given i n 

Fig.10. 

As observed from F i g 9 the p r o f i l e of the Browney River has got an 

exponential shape w i t h a marked concavity. 
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CHAPTER TWO 

PRECIPITATION 

P r e c i p i t a t i o n r e f e r s t o a l l forms of moisture f a l l i n g t o the 

ground. The necessary c o n d i t i o n s f o r p r e c i p i t a t i o n t o occur are 

1. A s u f f i c i e n t supply of water vapour i n the atmosphere 

2. L i f t i n g of the water vapour t o higher a l t i t u d e s 

This second f a c t o r r e s u l t s i n c o o l i n g w i t h subsequent condensation of 

the vapour Condensation occurs at the dew p o i n t of the temperature at 

which s a t u r a t i o n occurs i f a i r i s cooled at constant pressure. 

P r e c i p i t a t i o n i s d i v i d e d i n t o three types, depending on the means 

of u p l i f t of the water vapour These types are 

i - - i „ 
J . • U J | h . i . U L J - *~ 

2. convectional 

3 orographic 

Cyclonic p r e c i p i t a t i o n i s c l a s s i f i e d i n t o n o n - f r o n t a l and f r o n t a l 

p r e c i p i t a t i o n . I n Lhe n o n - f r o n t a l t y p e , ] i f t i n g of a i r i s caused by con

vergence of a i r streams towards a low pressure r e g i o n . F r o n t a l p r e c i p i t 

a t i o n occurs as n r e s u l t of l i f t i n g of warm a i r over c o l d a i r . This 

occurs i n vartn or cold f r o n t s I n the warm f r o n t , warm a i r moves up

wards over a wedge of col d a i r I n the col d f r o n t , however, warm a i r 

i s replaced by moving col d a i r and t h e r e f o r e i t r i s e s Warm f r o n t pre

c i p i t a t i o n i s of lower i n t e n s i t y than co l d f r o n t p r e c i p i t a t i o n 

Convectional r a i n s are caused by the d i f f e r e n t i a l h e ating of ,the 

a i r at the surface As a r e s u l t the warmer a i r r i s e s and cools adia-

b a t i c a l l y I t , t h e r e f o r e , causes condensation and p r e c i p i t a t i o n This 

typo of p r e c i p i t a t i o n i s s p o t t y i n terms of a r e a l d i s t r i b u t i o n and 

u s u a l l y of high i n t e n s i t y 

Orographic p r e c i p i t a t i o n i s t h a t which r e s u l t s from c o o l i n g of 

moisture laden a i r masses by the mechanical l i f t i n g of mountain b a r r i e r s 
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This type of p r e c i p i t a t i o n i s u s u a l l y more pronounced on the windward 
side of mountains than on Lhe leeward. 

* 

W i t h i n the Browney basin, p r e c i p i t a t i o n i s due t o a l l the three 

types mentioned above Smth (1970) mentions t h a t most of the p r e c i p 

i t a t i o n over the County Durham i s u l t i m a t e l y c y c l o n i c . However, as w i l l 

be shown, the e f f e c t of orographic l i f t i n g i s q u i t e apparent when the 

r e l a t i o n s h i p between p r e c i p i t a t i o n and a l t i t u d e i s considered. Evidence 

f o r the existence of convectional p r e c i p i t a t i o n d u r i n g the summer season 

i s shown by the a n a l y s i s of r a i n f a l l i n t e n s i t i e s l a t e r i n t h i s chapter 

Measurement of p r e c i p i t a t i o n w i t h i n the Browney Basin 

One of the problems associated v i t h the accurate e s t i m a t i o n of 

mean p r e c i p i t a t i o n over a catchment i s tne d e n s i t y and d i s t r i b u t i o n of 

the ramgauges A numbei of workers have discussed the accuracy r e 

q u i r e d f o r the measurement of p r e c i p i t a t i o n w i t h i n a catchment and Ward 

(1971) r e f e r s t o some of them 

C l e a r l y the d e n s i t y of ramgauges r e q u i r e d f o r measuring r a i n f a l l 

w i t h a c e r t a i n accuracy v a r i e s w i t h catchment c h a r a c t e r i s t i c s The 

number of gauges i n an area w i t h steep slopes should probably be d i f f e r e n t 

from an area of f l a t t e r r a i n Under c o n d i t i o n s w i t h frequenL occurrence 

of convectional p r e c i p i t a t i o n , more raingauges are needed than when 

p r e c i p i t a t i o n i s mostly of c y c l o n i c type This i s explained by Lhe 

f a c t t h a t c y c l o n i c p r e c i p i t a t i o n might i n some cases be uniform over a 
2 

r a dius of 25 km , whereas convectional p r e c i p i t a t i o n can vary widely 

over a short d i s t a n c e . 

Thus H e r s h f i e l d (1967) noted t h a t i n major summer storms i n r e 

l a t i v e l y f l a t areas, i t was not unusual f o r the i s o h y e t a l p a t t e r n t o 

show gr a d i e n l s of 2 inches or more per m i l e (32 mm per km)and t h a t i t 

was not unreasonable t o expect storm p r e c i p i t a c i o n d i f f e r e n c e s of about 

1 inch (25.4 mm) between r-imgauges separated by distances of only 0.1 

m i l e (0 16 km) (Ward, 1 971b) 



For the Browney basin, p r e c i p i t a t i o n i s measured by an autographic 

ramgauge and e i g h t d a i l y gauges The l o c a t i o n s of these gauges are shown 

i n F i g 11 and t h e i r N a t i o n a l Grid References, a l t i t u d e s and the dates 

since the records were a v a i l a b l e are given i n Table 6. The records from 

Ushaw ramgauge which were a v a i l a b l e f o r t h i s study date back t o 1971. 

This s t a t i o n , t h e r e f o r e , has not been included i n the e s t i m a t i o n of mean 

catchment r a i n f a l l because of i t s l i m i t e d a v a i l a b l e data. 

Thus the d e n s i t y of ramgauges whose records have been employed 
2 2 

i n t h i s study i s about one per 10 mi (25 5 km ) Six of the r a i n -

gauges are d i s t r i b u t e d w i t h i n the a l t i t u d e range of 336-741 f e e t (102-

226 m) The other ramgauge i s at an e l e v a t i o n of 1,179 f e e t (359 m) 

However, i t i s l o c a t e d outside the catchment I n view of the h i g h degree 

of a s s o c i a t i o n between a l t i t u d e and r a i n f a l l , as w i l l be shown i n a 

l a t e r s e c t i o n , i t can be s t a t e d t h a t a d d i t i o n a l ramgauges i n the catch

ment w i t h i n the e l e v a t i o n range of 800 t o 1,250 f e e t (244 t o 381 m) 

would probably have given a more r e p r e s e n t a t i v e p i c t u r e of p r e c i p i t a t i o n 

at the higher e l e v a t i o n . Therefore the accuracy of e s t i m a t i o n of mean 

ar e a l p r e c i p i t a t i o n could have been increased 

D e s c r i p t i o n of d a i l y and autographic raingauges 

The d a i l y raingauges which are used t o measure r a i n f a l l are the 

Me t e o r o l o g i c a l O f f i c e Mark I I gauges These have a c o l l e c t i n g f u n n e l 

aperture 5 inches (127 mm) i n diameter and more than 4 inches (101 mm) 

deep The funn e l leads down to a glass b o t t l e placed e i t h e r i n an inner 

can or i n the base i t s e l f . The gauge i s set w i t h i t s r i m 12 inches 

(30.5 cm) above the ground l e v e l . 

The autographic raingauge, which i s s i t u a t e d a t the Durham Obser

v a t o r y was i n s t a l l e d i n 1962. The autographic raingauge i s an e l e c t r i c a l 

one designed t o r e c o r d t o t a l r a i n f a l l a t a distance from the r a i n r e 

cei v e r and so obviate the n c c e s s i L y of frequent outdoor v i s i t s f o r chang

in g the charts The r a i n i s r eceived i n an aperture defined by an 8 inch 
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Table 6 N a t i o n a l Grid Reference, a l t i t u d e of Lhe raingauge 
s t a t i o n s and the date since when Lhe records were 
a v a i l a b l e f o r Lhe Browney Basin i n t h i s study 

L o c a t i o n of raingauge N a t i o n a l G r i d 
Reference 

E l e v a t i o n 
fL (m) 

Record a v a i l a b l e 
since 

Durham NZ 267415 336 (102) 1886 
Consett NZ 125504 710 (216) 1967 
Edmondsley NZ 232488 500 (152) 1968 
Lanchester NZ 175482 680 (207) 1968 
Satley NZ 117437 741 (226) 1961 
Waskerley NZ 022444 1179 (359) 1895 
Waterhouses NZ 189412 438 (133) 1960 
Ushaw NZ 219436 597 (182) 1971 

(203 mm) diameter brass r i m I t i s then fed down by a funnel i n t o one 

h a l f of a bucket, which when i t i s f u l l , t i l t s and empties i t s e l f , so 

a l l o w i n g the other h a l f of the bucket t o f i l l u n t i l the process i s r e 

peated. Each measurement of the bucket i s t r a n s m i t t e d e l e c t r i c a l l y t o 

a moving chart so thaL Lhe r a i n f a l l r e c o r d c o n s i s t s of a number of steps, 

of 0.02 inches or 0 5 mm of r a i n f a l l When two inches or 51 mm of r a i n 

f a l l has f a l l e n , the r e c o r d i n g pen reaches the top of the chart and then 

a u t o m a t i c a l l y r e t u r n s t o the baseline. 

There are seve r a l o b j e c t i o n s t o the use of such records. The mam 

o b j e c t i o n i s t h a t r a i n f a l l less than the cap a c i t y of the bucket i s not 

recorded. AnoLher o b j e c t i o n i s t h a t any r a m f a l l i n g during the t i l t i n g 

o f the bucket i s also not measured. The instrument, however, has the 

advantage of not being damaged by the f r o s t . I t also records r a i n f a l l 

a t a distance from the r a m r e c e i v e r which i s an advantage m adverse 

weather c o n d i t i o n s 

E s t i m a t i o n of mean a r e a l r a i n f a l l 

Mean p r e c i p i t a t i o n over the Browney basin was determined by three 

methods 

1. A r i t h m e t i c method 
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2. Thiessen polygon method 

3. I s o h y e t a l method 

1. A r i t h m e t i c method I n t h i s method, the values of p r e c i p i t a t i o n from 

a l l the seven gauges were added together and the t o t a l thus obtained was 
p i p , P . p 

d i v i d e d by the number of raingauges e g . P = 1 2 f 3 ' ' • * 7 
— — — — — — — — ^ — — — , 

7 

i n which P i s the mean a r e a l p r e c i p i t a t i o n and P^, P2 . •• and P^ are 

the p r e c i p i t a t i o n depths at each s t a t i o n . The mean a r e a l p r e c i p i t a t i o n 

over the catchment f o r each of the f i v e years during the perio d 1968-

1972, and the f i v e year average f o r the same period i s shown i n Table 9. 

2. Thiessen polygon method This method was devised by Thiessen (1911) 

t o determine the mean depth of p r e c i p i t a t i o n over a given area. The 

fundamental p r i n c i p l e f o l l o w e d t o accomplish t h i s purpose c o n s i s t s i n 

w e i g h t i n g the p r e c i p i t a t i o n value of each s t a t i o n by a s u i t a b l e pro

p o r t i o n of the area f o r which t h a t s t a t i o n value i s considered t o be 

r e p r e s e n t a t i v e 

To determine the we i g h t i n g f a c t o r f o r each s t a t i o n i n the Browne/ 

basin, the geographical l o c a t i o n of each s t a t i o n was p l o t t e d on a map 

of the basin The adjacent s t a t i o n s were j o i n e d by s t r a i g h t l i n e s . The 

perpendicular b i s e c t o r s were then drawn from the mid-points of each l i n e 

These perpendicular b i s e c t o r s formed the boundaries of a number of poly

gons, except where the area was l i m i t e d by the boundary of the catchmenL 

( F i g . 1 1 ) . Each of the polygons represented the area surrounding one 

r a i n f a l l s t a t i o n . I t was assumed t h a t the r a i n f a l l at each s t a t i o n was 

the same as any other l o c a t i o n w i t h i n the polygon surrounding i t The 

area of each polygon was then measured and was expressed as a percentage 

of the t o t a l area of the drainage basin. These dimensionle^s r a t i o s 

formed the weights given t o the r a i n f a l l s t a t i o n s and they are shown i n 

Table 7. 

The mean area! p r e c i p i t a t i o n f o r each period (year and month) wat 
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obtained by m u l t i p l y i n g the depth of p r e c i p i t a L i o n by the dimen s i o n l e s s 

r a t i o s f o r each gauge and summing these v a l u e s e g 

P (mean p r e c i p i t a t i o n ) = A l / P. + A 2 , P„ + A 3 / p + A4 P + 

A 1 A 7A 3 A 

Table 7 

Ramgauge s t a t i o n s and t h e i r T h i e s s e n i n d i c e s 

Durham Observatory 11 94 
Waterhouses 23 55 

Edmonds l e y 6 07 
L a n c h e s t e r 13 81 
Pr»n 15 of- f- 13 87 

S a t l e y 29 89 
Waskerley 0 87 

3. I s o h y e t a l method Mean p r e c i p i t a t i o n over the b a s i n was a l s o d e t e r 

mined by the i s o h y e t a l method I s o h y e t s a r e l i n e s j o i n i n g p o i n t s of 

equal p r e c i p i t a t i o n To draw the l s o h y e t d l map f o r any b a s i n , the pre

c i p i t a t i o n depth «"er any period of time a t each s t a t i o n i s p l o t t e d a t 

i t s corresponding geographical l o c a t i o n P o i n t s w i t h e l e v a t i o n s equal 

to those of s e l e c t e d i s o h y e t s a r e then f i x e d , and l i n e s drawn through 

p o i n t s of equal e l e v a t i o n r e p r e s e n t the i s o h y e t s . 

To determine the mean a r e a l p r e c i p i t a t i o n by t h i s method, the a r e a 

between any two s u c c e s s i v e i s o h y e t s i s measured and expressed as a per

centage of the to'.al a r e a . The v a l u e thus obtained i s m u l t i p l i e d by 

the mean v a l u e s of the two i s o h y e t s The products a r e then summed and 

the r e s u l t i s a weighted mean depth of p r e c i p i t a t i o n 

T h i s procedure was followed to determine the mean depth of pre

c i p i t a t i o n f o r each year of the period 1968 to 1972 and f o r the mean monthly 

v a l u e s over the same period The c a l c u l a t i o n used for the e s t i m a t i o n of mean 
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p r e c i p i t a t i o n f o r the year 1972 i s shown i n Table 8. 

Table 8 C a l c u l a t i o n of mean a r e a l p r e c i p i t a t i o n by the 
i s o h y e t a l method f o r the Browney b a s i n during 
the year 1972 

I s o h y e t a l 
v a l u e , 
upper 
l i m i t mm. 

I s o h y e t a l 
v a l u e , 
lower 
l i m i t mm. 

Columns 1+2 
2 

mm 

R a t i o of 
enclosed 
a r e a to 
t o t a l 

Columns 3x4 

mm 

550 541 545.5 0.00129 0.70 
575 550 562.5 0.01488 8.37 

600 575 587.5 0.04398 25.84 
625 600 612.5 0.06145 37.64 

650 625 637.5 0.12095 77.11 
675 650 662 5 0.18110 119.99 

700 675 687.5 0.25220 173.43 
725 "7nr» 712.5 r\ ')7n/.n 192 6'1 

750 725 735.5 0.02520 18 60 
775 750 762 5 0 02134 16.27 

800 775 787.5 0.00711 5.60 
TOTAL 676.19 

Y e a r l y mean r a i n f a l l of the catchment 

The v a l u e s of mean a r e a l p r e c i p i t a t i o n of the catchment for each 

of the f i v e y e a r s , 1968 to 1972 and the f i v e year average i s shown i n 

T a b l e 9. From t h i s t a b l e i t can be observed t h a t a r i t h m e t i c mean pre

c i p i t a t i o n exceeds the v a l u e s obtained by both the i s o h y e l a l and the 

T h i e s s e n methods The T h i e s s e n meLhod a l s o r e v e a l s a lower estimate 

than the i s o h y e t a l method The d i f f e r e n c e i n the f i v e year average 

v a l u e s between the i s o h y e t a l and T h i e s s c n i s l e s s than one per cent, 

whereas t h a t of the a r i t h m e t i c method exceeds the i s o h y e t a l and T h i e s s e n 

methods by 2 2 and 3.1 per cent r e s p e c t i v e l y . The r e l a t i v e l y h i gh v a l u e 

of the a r i t h m e t i c mean p r e c i p i t a t i o n i s due to the i n c l u s i o n of the 

Waskerley raingauge i n the e s t i m a t i o n of mean a r e a l r a i n f a l l T h i s 

gauge i s l o c a t e d o u t s i d e the Browney b a s i n at an e l e v a t i o n of 1,179 f t 

(359 m) and the r a i n f a l l a t t h i s s t a t i o n i s the h i g h e s t of a l l the 
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gauges. T h i s t h e r e f o r e , r e s u l t s i n an overe&timation of mean r a i n f a l l 

by the a r i t h m e t i c method I n the T h i e s s e n method, the weight given to 

t h i s s t a t i o n i s only 0 87 per cent ( e g., the p r e c i p i t a t i o n at t h i s 

s t a t i o n i s r e p r e s e n t a t i v e of only 0 87 per cent of the a r e a ) whereas i n 

the a r i t h m e t i c method, i t s weight i s equal to t h a t c f any other gauge, 

or i s about 14 3 per c e n t . 

Table 9 Mean a r e a l p r e c i p i t a t i o n of the catchment, 
1968-1972 i n mm 

Year A r i t h m e t i c T h i e s s e n I s o h y e t a l 

1968 856.1 829 0 835.5 
1969 901 3 872 7 872.8 

1970 685 3 653.6 669.1 

1971 645 6 bin 0 625 5 
1972 676.3 667 5 676.2 

Average 752.9 729.4 736.5 

C o n s i d e r i n g the a p p l i c a t i o n of these d i f f e r e n t methods fo r the 

e s t i m a t i o n of mean a r e a l r a i n f a l l , the a r i t h m e t i c method i s the s i m p l e s t 

I t could p o s s i b l y be used f o r b a s i n s i n which the d e n s i t y of ramgauges 

i s r a t h e r h igh and where the d i s t r i b u t i o n of the gauges c l o s e l y f o l l o w s 

the physiography of the catchments For the Browney b a s i n , however, 
2 2 

s i n c e the d e n s i t y of the gauges i s about 1 per 10 mi (25.5 km ) and 

the d i s t r i b u t i o n of gauges i s r a t h e r l e s s at higher e l e v a t i o n s , the 

r e s u l t s obtained by the a r i t h m e t i c method ov e r e s t i m a t e those of the 

T h i e s s e n and i s o h y e t a l methods. 

The T h i e s s e n method i s an o b j e c t i v e method because i t g i v e s weight 

i n g f a c t o r s to each of the gauges. The weights once obtained can be 

a p p l i e d f o r any number of computations. I t i s , t h e r e f o r e , easy to use 

and because of t h i s reason when a l a r g e number of means a r e to be d e t e i -

mined fo r the same are a and when extreme a c c u r a c y i s not r e q u i r e d , the 

T h iesden n.ctbod v c u l d be s u i t a b l e 
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The i s o h y e t a l method i s c o n sidered to be the most a c c u r a t e method 
of the t h r e e i f drawn a c c u r a t e l y However, i t i s the most tedious of 
them a l l One of the advantages of the i s o h y e t a l method i s t h a t i t 
shows the p a t t e r n of the r a i n f a l l However, s i n c e the r a i n f a l l p a t t e r n 
v a r i e s from storm to storm, a new i s o h y e t a l map should be drawn fo r 
each storm 

Mean monthly p r e c i p i t a t i o n over the catchment 

The average a r e a l v a l u e of mean inonLhly p r e c i p i t a L i o n u s i n g the 

i s o h y e t a l and T h i e s s e n methods are shown i n Table 10 

Table 10 Average a r e a l v a l u e s of mean monthly r a i n f a l l 
by the i s o h y e t a l and T h i e s s e n methods i n mm 

" \ M o n t h 

M e t h o a \ ^ J F M A M J J A S 0 N D T o t a l 

I s o h y e t a l 76 5 60 8 61 8 50 0 63 4 61 8 61 0 74 5 53 6 33 0 78 3 61 8 /36 5 

T h i e s s e n 76 8 60.1 59 6 49 6 63 3 62 2 6? 5 73 3 52 1 31 3 77.6 61 0 729 4 

I t can be seen t h a t the i s o h y e t a l v a l u e s exceed those of the 

T h i e s s e n method during nine months I n January, June and J u l y , the 

T h i e s s e n v a l u e s a r e more than those of the i s o h y e t a l method. November, 

January and August are r e s p e c t i v e l y the months w i t h the h i g h e s t pre

c i p i t a t i o n amounts, w h i l e October, i s the month wi t h lowest p r e c i p i t a t i o n 

P r e c i p i t a t i o n p a t t e r n over the catchment 

( a ) Y e a r l y p a t t e r n . A study of the y e a r l y i s o h y e t a l maps ( F i g 12) shows 

t h a t i n g e n e r a l t h e r e a r e t h r e e d i f f e r e n t r a i n f a l l zones i n the Browney 

b a s i n . 

1. A w e s t e r l y and north w e s t e r l y zone of r a p i d l y i n c r e a s i n g r a i n f a l l . 

2. An e a s t e r l y and s o u t h - e a s t e r l y zone of d e c l i n i n g r a i n f a l l . 

3. A c e n t r a l a r e a with r e l a t i v e l y uniform p r e c i p i t a t i o n 

The f i r s t zone i s c h a r a c t e r i z e d by high e l e v a t i o n s and s t e e p s l o p e s 

The e l e v a t i o n i n t h i s zone i s almost everywhere abov'e 700 f e e t (213 m). 

file:///Month
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I n view of the great i n f l u e n c e of topography on p r e c i p i t a t i o n i n t h i s 
a r e a , t h e r e f o r e , p r e c i p i t a t i o n amounts are h i g h e s t i n t h i s part of the 
catchment The p r e c i p i t a t i o n g r a d i e n t i n t h i s zone averaged about 35 mm 
per m i l e (22 mm per km) as judged by the f i v e year i s o h y e t a l map 

The second r a i n f a l l zone i s c h a r a c t e r i z e d by low e l e v a t i o n s and 

low slopes The a l t i t u d e i n t h i s zone i s mostly below 500 f e e t (152 m) 

The p r e c i p i t a t i o n g r a d i e n t i s l e s s i n t h i s zone than i n the f i r s t zone 

The t h i r d zone I s the zone with r e l a t i v e l y uniform p r e c i p i t a t i o n 

as judged by the f i v e year average i s o h y e t a l map However, when the 

y e a r l y i s o h y e t a l maps are considered, i t i s observed that p r e c i p i t a t i o n 

f o r some years e g 1968, decreases from north to south w i t h a r e l a t i v e l y 

modest g r a d i e n t of about 15 mm per m i l e ( 9 4 mm per km) The trend f o r 

the year 1972, however, changes During t h i s year p r e c i p i t a t i o n i n c r e a s e 

from north to south. T h i s l a c k of c o n s i s t e n c y might be due to the chang

i n g d i r e c t i o n s of the d e p r e s s i o n or random f l u c t u a t i o n s 

(b) Seasonal p a t t e r n of p r e c i p i t a t i o n I s o h y e t a l maps of the w i n t e r and 

summer seasons a r e shown i n F i g 13 I t can be observed t h a t the p r e c i 

p i t a t i o n p a t t e r n s of the two seasons a r e i d e n t i c a l i n having i n c r e a s i n g 

w e s t e r l y and d e c r e a s i n g e a s t e r l y components. However, during the w i n t e r 

season, t h e r e i s a d e c r e a s i n g p r e c i p i t a t i o n from north to south, though 

such a decrease i s not obvious during the summer season 

( c ) Monthly p a t t e r n of p r e c i p i t a t i o n The p a t t e r n of p r e c i p i t a t i o n f o r 

the t h r e e months of September, November and December i s more or l e s s 

s i m i l a r to t h a t of the winter season For the p a r t i c u l a r month of Nov

ember, there i s no e a s t e r l y g r a d i e n t of r a i n f a l l , but the d e c l i n e of 

r a i n f a l l from north to south i s q u i t e sharp 

The r a i n f a l l p a t t e r n s f o r other months show a d e c r e a s i n g r a i n f a l l 

depth from west to e a s t , w i t h the g r a d i e n t being steeper f o r the months 

of January, March and August These g r a d i e n t s range from a maximum of 
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5 mm per mile ( 3 mm per km) i n the western p a r t of the catchment during 
March to about 1 mm per m i l e (0 6 mm per km) i n the c e n t r a l p a r t of the 
catchment i n August. For the months of February, A p r i l , May, June, 
J u l y and October, the g r a d i e n t of p r e c i p i t a t i o n from e a s t to west i s low, 
and i n some p l a c e s i s l e s s than 0 1 mm/mile (0 06 mn./km) (FjgsJ.4 and 1 5 ) . 
P r e c i p i t a t i o n v e r s u s a l t i t u d e 

Throughout the p revious s e c t i o n s i t has been emphasized how the 

e l e v a t i o n i n f l u e n c e s the d i s t r i b u t i o n of p r e c i p i t a t i o n w i t h i n the c a t c h 

ment. I n order to study t h i s r e l a t i o n s h i p more c l e a r l y , r e g r e s s i o n equ

a t i o n s of p r e c i p i t a t i o n v e r s u s a l t i t u d e were d e r i v e d for each year i n 

the period 1968-1972 as w e l l as the mean of the f i v e year p e r i o d The 

equations d e r i v e d a r e of the form 

P = a + bh i n which 

P - i s the p r e c i p i t a t i o n depth, 

h - i s the h e i g h t i n f e e t , 

a - i s the o r d i n a t e ' s i n t e r c e p t and, 

b - i s the c o e f f i c i e n t of r e g r e s s i o n 

The equations thus obtained a r e shown i n Table 11. 

Table 11 Y e a r l y r e g r e s s i o n equations of p r e c i p i t a t i o n 
v e r s u s e l e v a t i o n 

Year R e g r e s s i o n Equation 

1968 P - 5 8 8 . 7 + 0 4084 h 
1969 P - 653.3 H 0.3784 h 
1970 P = 418.8 + 0 4069 h 
1971 P = 483 9 + 0 2622 h 
1972 P = 481.9 + 0.2968 h 

Average P a 524 3 + 0 3490 h 

U s i ng t h e s e equations, i t has been p o s s i b l e to d e r i v e the mean 

p r e c i p i t a t i o n v a l u e f o r each year by s u b s t i t u t i n g the v a l u e of mean 

e l e v a t i o n of the catchment The '"ea'i e l e v d t i o n of the c a t c h m e n t i s 

642 f e e t (196 m) . 
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T h i s procedure was followed and the mean p r e c i p i t a t i o n of the 

catchment was determined by t h i s method These v a l u e s a r e given i n 

T a ble 12 wi t h those from i s o h y e t a l and T h i e s s e n method T h i s t a b l e 

shows that the mean p r e c i p i t a t i o n from the r a i n f a l l - a l t i t u d e r e l a t i o n 

s h i p over the f i v e year p e r i o d exceeds both those of i s o h y e t a l and 

T h i e s s e n method I n f a c t each of the y e a r l y v a l u e s from the p r e c i p i t a t i o n -

a l t i t u d e r e l a t i o n s h i p (except that of year 1972) exceeds those of the 

i s o h y e t a l and T h i e s s e n methods. However the d i f f e r e n c e i n the f i v e year 

average v a l u e s of i s o h y e t a l and a l t i t u d i n a l method i s about 1 6 per 

cent and that of T h i e s s e n and a l t i t u d i n a l methods i s 2.5 per c e n t . 

Table 12 Y e a r l y mean a r e a l p r e c i p i t a t i o n i n the Browney 
b a s i n during the p e r i o d 1968-1972 

Year I s o h y e t a l 
mm 

T h i e s s e n 
mm 

A l t i t u d m a l 
mm 

1968 835.5 829 0 850.8 

1969 872.8 872 7 896.2 

1970 669.1 653 6 680 0 
1971 628 8 624.0 642.2 
1972 676.2 667 5 672.5 

Average 736.5 729.4 748.4 

C o r r e l a t i o n c o e f f i c i e n t s for the r e l a t i o n s h i p between p r e c i p i t a t i o n 

and a l t i t u d e range from 0 85 i n 1972 to 0 99 i n 1970 ( T a b l e 1 3 ) . The 

c o r r e l a t i o n c o e f f i c i e n t of the average y e a r l y r a i n f a l l and a l t i t u d e i s 

0 97. The c o e f f i c i e n t s of de t e r m i n a t i o n range from 0 71 to 0.98 and tha t 

of average y e a r l y i s 0.95. Based on the average y e a r l y v a l u e of the co

e f f i c i e n t of det e r m i n a t i o n j i t can be s t a t e d t h a t 95 per cent of the 

v a r i a n c e i s e x p l a i n e d by the r e g r e s s i o n equation 
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T a b l e 13 C o r r e l a t i o n c o e f f i c i e n t s between p r e c i p i t a t i o n 
and a l t i t u d e and c o e f f i c i e n t s of det e r m i n a t i o n 

Year C o r r e l a t i o n c o e f f i c i e n t s C o e f f i c i e n t s of 
dete r m i n a t i o n 

1968 0.97 0 94 

1969 0.96 0.91 

1970 0.99 0.98 

1971 0 89 0 79 
1972 0.85 0.72 

Average 0 97 0.95 

Long term means of annual and monthly p r e c i p i t a t i o n 

To study the long term means of annual and monthly p r e c i p i t a t i o n 

The mean y e a r l y and mean monthly p r e c i p i t a t i o n v a l u e s over the 35 year 

p e r i o d 1939-1973 were c a l c u l a t e d . The c h o i c e of a 35 year period was f i r s t 

made by Edward Bruckner (Tann c t h i l l , 1 9 5 5 ) and i s now a l s o used by the 

M e t e o r o l o g i c a l O f f i c e . The pe r i o d 1939-1973 was s e l e c t e d i n order to 

i n c l u d e Lhe l a t e s t a v a i l a b l e r e c o r d i n the study 

The mean an-.ual p r e c i p i t a t i o n over the 35 year period was 639.2 mm. 

T h i s v a l u e i s lower than the 83 year mean of 645 mm a t the Durham Ob

s e r v a t o r y (Smith,1970) by l e s s than one per c e n t . The h i g h e s t annual 

v a l u e during the 83 year period was 886 mm i n 1930 and Lhe lowesL v a l u e 

was 440 mm i n 1959. For the 35 year c y c l e c o n s i d e r e d the minimum was 

the same, but the maximum v a l u e of 813 mm was 5.6 per cent lower than 

the h i g h e s t of the 83 year p e r i o d . 

The d i s t r i b u t i o n of mean monthly p r e c i p i t a t i o n i n m i l l i m e t r e s and 

as a percentage of the annual t o t a l during the 35 ye a r s p e r i o d i s g iven 

i n T able 14. October i s the month with the l e a s t amount of p r e c i p i t a t i o n , 

w h i l e February has Lhe h i g h e s t amount of p r e c i p i t a L i o n . The mean monthly 

p r e c i p i t a t i o n f o r these two months a r c 36.2 mm and 65.7 mm r e s p e c t i v e l y . 

These r e s u l t s v a r y from those r e p o r t e d by Smith ( 1 9 7 0 ) , who from the 
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r e c o r d s of 1881 to 1950, s t a t e d that February or March was the d r i e s t 

month 

Table 14 Mean monchly v a l u e s of p r e c i p i t a t i o n during the 
per i o d 1939-1973 at Durham Observatory 

\ . Month 

DepthX. 
J F M A M J J A 0 N D T o t a l 

mm 
% 

58 6 
9 2 

65 7 

10 3 
j l 9 
8 1 

56 0 
8 8 

61.9 
9 7 

48 7 
7 6 

59 1 
9 2 

54 1 
8 5 

43 2 
6 8 

36 2 
5 7 

56.5 
8 8 

47 3 
7 3 

639 2 
100 0 

On a s e a s o n a l b a s i s , w i n t e r (December, January and February) w i t h d t o t a l 

of 171 6 mm i s the w e t t e s t , w h i l e autumn (SeptemDer, October and November) 

w i t h a t o t a l of 135 9 mm i s the d r i e s t . The s p r i n g (March, Api.il and 

May) t o t a l i s 169 8 and the summer (June, J u l y and Aup.ust) t o t a l i s 

161 9 mm. 

P r e c i p i t a t i o n frequency s t u d i e s 

The frequency of p r e c i p i t a t i o n r e f e r s to the occurrence of a given 

depth of r a i n f a l l during a defi n e d period Frequency s t u d i e s a r e im

portant i n v a r i o u s f i e l d s such as the design of sewage and drainage works, 

the design of the f l o o d c o n t r o l s t r u c t u r e s , s t o r a g e r e s e r v o i r s , farm 

t e r r a c e s , highway and r a i l w a y c u l v e r t s ( F o s t e r , 1 9 4 9 ) Due to t h i s im

portance a frequency study of r a i n f a l l r e c o r d s during the 35 year p e r i o d 

of 1939 to 1973 was made. 

Annual p r e c i p i t a t i o n frequency For the study of the frequency of annual 

p r e c i p i t a t i o n , the 35 y e a r l y v a l u e s were arranged i n descending order 

and they wei.e p l o t t e d i n F i g 16. The r e t u r n p e r i o d d e f i n e d as the average 

time i n t e r v a l w i t h i n which a given r a i n f a l l might be e q u a l l e d or exceeded 

once was c a l c u l a t e d a f t e r Chow (19 6 4 ) , u s i n g the formula 
n 

Tr = - i n which m 

n - i s the nunbei of y e a r s of r e c o i d and 

ra - i s the rank of the annual r a i n f a l l a c c o r d i n g to i t s rra<;ni t_udr> 

From t h i s graph i t i s obberved thaL annual v a l u e s of 630 mm, 752 mm 

http://Api.il
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788 mm, 806 mm and 812 mm have got r e t u r n periods of 2, 5, 10, 20 and 
30 years r e s p e c t i v e l y I n other words every two y e a r s , t h e r e i s a 
chance of g e t t i n g 630 mm or more r a i n f a l l and every 30 y e a r s , t h e r e i s 
a chance of g e t t i n g 812 mm or above 

Frequency curves of monthly v a l u e s The p l o t of frequency of o c c u r r 

ence or exceedanceof monthly p r e c i p i t a t i o n i s shown i n F i g 17 The 

curves of the months of each season a r e shown i n one f i g u r e . 

During the summer season, w i t h i n the 35 year period, J u l y has got 

the maximum monthly v a l u e of 187 mm, w h i l e , the maximum v a l u e of August 

i s 148 mm and t h a t of June i s only 80 mm J u l y v a l u e s a r e i n g e n e r a l 

higher than August and August v a l u e s a r e more than June June v a l u e s , 

however exceed those of J u l y during the two lowest y e a r s ( F i g . 1 7 ) They 

a l s o exceed the August v a l u e s during the nine lowest years The minimum 

monthly v a l u e s during the period have been 15 mm, 13.5 mm and 8 5 mm 

f o r June, J u l y and August r e s p e c t i v e l y 

During autumn, November i s the month with v a l u e s which a r e con

s i s t e n t l y higher than October and September i n a l l the 35 y e a r s The 

h i g h e s t monthly v a l u e i n November i s 186 mm as compared with 113 5 mm 

f o r September and 100 mm for October September i s a l s o a wetter month 

than October and only i n two y e a r s have the October v a l u e s exceeded those 

of September. The lowest monthly v a l u e s during these months were 14 mm, 

7 mm and 2 mm r e s p e c t i v e l y 

Of the w i n t e r months, February has got v a l u e s exceeding January and 

December i n 25 and 26 years out of the 35 r e s p e c t i v e l y The v a l u e s of 

January a r e c o n s i s t e n t l y higher than December except for the lowest two 

The maximum monthly v a l u e f o r February i s 173 5 mm, w h i l e that of 

January i s 133 5 mm and that of December i s 97 mm. The minimum v a l u e s 

a r e 19 5 mm f o r December, 10.5 mm f o r January and 6 0 mm for February 

During the s p r i n g months of March, A p r i l and May the t h r e e curves 

a r e more or l e s s s i m i l a r , tnougn the v a l u e s of May g e n e r a l l y tend to 
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exceed A p r i l , and those of A p r i l are i n most cases higher than March. 
The highest values are 131 5 mm, 140 mm and 142 mm r e s p e c t i v e l y f o r the 
three months of March, A p r i l and May, and the lowest are 9 mm, 12 mm and 
14 mm r e s p e c t i v e l y f o r the same months 

For a comparison of frequencies among a l l the twelve months, a 

frequency t a b l e (Table 15) was prepared showing the number of times the 

value of each month equals or exceeds a given l i m i t From studying t h i s t a b l e , 

the f o l l o w i n g conclusions were drawn 

Table 15 Frequency of monthly p r e c i p i t a t i o n amounts equalled 
oi exceeded dui i n g the perio d 1939-1973 at 
Durham Observatory 

^ s M o n t h 

AmountN^ 
J F M A M J J A S 0 N D 

180 mm - - - - - - 1 - - - 1 _ 

160 mm - 1 - - - - 1 - - - 1 -
140 mm - 1 - 2 2 - 1 1 - - 1 -
120 mm 1 4 1 2 4 - 2 2 - - 2 -
100 min 3 7 4 3 6 - 4 3 1 1 3 -
80 mm 6 13 9 7 11 2 8 6 4 3 7 3 
60 mm 14 15 11 12 15 9 ] 3 12 9 5 11 12 
40 mm 25 25 20 24 24 20 27 24 16 10 22 18 
' 20 mm 33 30 30 33 32 32 33 28 22 22 32 34 
0 mm 35 35 35 35 35 35 35 35 35 35 35 35 

1. J u l y and Novembei are the two months w i t h the highest values. These 

are 187 mm and 186 mm r e s p e c t i v e l y . 

2. October, September and June are three months w i t h the frequency of 

t h e i r monthly vali-es g e n e r a l l y being lower than the other months f o r a 

given l i m i t . 

3 The three s p r i n g months of March, A p r i l and May have a higher f r e 

quency of monthly values exceeding 100 mm I n f a c t the t o t a l number of 

monthly values exceeding 100 mm during s p r i n g i s 13 times compared w i t h 

10 f o r w i n t e r , seven f o r summer and l i v e f o r the a u t u i n m o n t h s 
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The resulLs of the frequency a n a l y s i s of monthly p r e c i p i t a t i o n given 

i n Table 15 can be used to estimate the frequency of d i f f e r e n t , s o i l moisture 

contents and t o p r e d i c t the p o s s i b i l i t i e s of p h y s i o l o g i c a l drought or 

s o i l moisture d e f i c i t . This i s because the monthly values of evapo-

t r a n s p i r a t i o n do not change appreciably from year t c year, and thus by 

using the monthly r a i n f a l l data and e v a p o t r a n s p i r a t i o n , some i n d i c a t i o n 

on the frequency of the v a r y i n g amounts of s o i l moisture can be obtained. 

Such i n f o r m a t i o n , thus, can be used i n f e a s i b i l i t y studies f o r the con

s t r u c t i o n of s t r u c t u r e s such as i r r i g a t i o n systems or storage r e s e r v o i r s 

S i m i l a r l y the data i n Table 15 can give some estimate of the f r e 

quency of r u n o f f d u r i n g each month by using e v a p o t r a n s p i r a t i o n data. 

Annual 24-hour maximum p r e c i p i t a t i o n and d a i l y amounts I n order t o 

study the annual 24-hr maximum p r e c i p i t a t i o n two methods were considered 

These were (1) annual exceedance series and (2) annual maximum s e r i e s . 

I n the annual exceedance s e r i e s , a number of 24-hr values of p r e c i p i 

t a t i o n w i t h magnitudes greater than a c e r t a i n base value are selected 

The base value i s s elected such t h a t the number of d a i l y r a i n f a l l amounts 

equals the number of years of r e c o r d 

I n the annual maximum s e r i e s , however, the l a r g e s t value from each 

year i s s e l e c t e d . There are advantages and l i m i t a t i o n s associated w i t h 

each of these methods. These are discussed i n d e t a i l by Chow (1964). 

For p r a c t i c a l purposes, however, Chow (1964) mentions t h a t the two ser i e s 

do not d i f f e r much except i n the values of low magnitude. 

The r e l a t i o n s h i p between the recurrence i n t e r v a l s of the annual 

maximum s c r i e s and the annual exceedance series has been derived by 

Chow (1950) and i s given by the formula 

Te = i n which 

I n Tm - I n (Tm - 1) 

Tm and Te are the recurrence i n t e r v a l s of the annual maximum and the 

annual exceedance se r i e s r e s p e c t i v e l y 
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I n t h i s study the annual maximum series was used. For t h i s 

purpose, the highest value f o r each year was found from the records. 

These values were then arranged i n decreasing order and the r e t u r n 

p e r i o d f o r each value was c a l c u l a t e d The c a l c u l a t i o n of the r e t u r n 

p e r i o d was by the formula 
n + 1 

Tr = , n being the number of years of record and 
m 

m being the rank of the r a i n f a l l according t o i t s magnitude. The f r e 

quency curve and the p r o b a b i l i t y p l o t of the annual 24-hr maximum r a i n 

f a l l are shown i n F i g s . 18 and 19 and the numerical values of these maxima 

w i t h t h e i r corresponding r e t u r n period i s shown i n Table 16 The pro

b a b i l i t y was c a l c u l a t e d by the formula P = l / ^ r
 l n which P i s pro

b a b i l i t y and Tr i s the r e t u r n period 

I t i s observed t h a t the highest value of annual 24-hr maximum 

r a i n f a l l d u ring the 35 year period i s 55.6 mm and the lowest i s 15 00 mm 

Values of 29 8 mm, 39 2 mm, 47 8 mm and 51 4 mm have got r e t u r n periods 

of 2, 5, 10 and 2o years r e s p e c t i v e l y 

Considering the months of occurrences of these annual d a i l y maxima, 

i t i s n o t i c e d t h a t i n more than one t h i r d o f the 35 year p e r i o d , the 

annual d a i l y maximum has occurred i n J u l y and August October and Sept

ember have been the next two months w i t h highest frequencies of maximum 

24-hr p r e c i p i t a t i o n (Table 17) . 
Table 17 Frequency of occurrence of annual 24-hr maximum 

r a i n f a l l i n each month at Durham Observatory, 
1939-1973 

Month J I- M A M J J A S 0 N D 

Frequency 1 1 2 2 2 2 7 6 4 5 2 1 

The f a c t t h a t annual 24-hr maximum r a i n f a l l values have a higher 

frequency during the summer can also be proved by r e f e i n n g t o the r e 

s u l t s of a study of d a i l y r a i n f a l l amounts recorded at Durham Observatory 
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du r i n g the period 1916 to 1950 (Smith,1970) From t h i s study, Smith 

concluded t h a t there was the tendency f o r the heavy f a l l s to be con

c e n t r a t e d i n the summer season He f u r t h e r confirmed h i s r e s u l t s by 

r e f e r r i n g to the occurrence of 17 noteworthy storms l a s t i n g two hours 

or less between 1865 and 1960. Ten out of 17 of these rainstorms which 

were c l a s s i f i e d by B r i t i s h r a i n f a l l as r a r e , were during J u l y and August 

and none occurred laLer than October or e a r l i e r Lhan May. Thus a l l these 

r e s u l t s give evidence f o r the occurrence of convective p r e c i p i t a t i o n 

d u ring the summer 

D a i l y r a i n f a l l amounts during the period 1939-1973 were also 

studied by grouping them i n t o four classes e.g greater than or equal 

to 0 2 mm, 1 mm, 2 mm, 5 mm and 10 mm A frequency d i s t r i b u t i o n t a b l e 

f o r each month of the year was prepared The average frequency of days 

w i t h p r e c i p i t a t i o n greater than or equal to the i n d i c a t e d values d u r i n g 

each month over the 35 year period was expressed as the percentage of 

days per month and from these r e s u l t s F i g . 20 was drawn 

Table 18 Frequency of d a i l y r a i n f a l l amounts equalled or 
exceeded du r i n g the period 1916-1950 at Durham 
Observatory, a f t e r Smith (1970) 

" ^ M onth 
Amounts 

j F M A M J J A S 0 N D Year 

63 mm 0 0 0 0 1 0 0 0 0 0 0 0 1 
51 mm 0 1 0 0 6 0 0 0 6 0 0 0 13 
38 mm 0 6 0 0 11 6 5 5 16 1 1 0 50 
25 mm 6 12 0 2 18 20 32 25 32 15 11 1 174 
13 mm 75 55 52 42 86 81 162 187 168 99 96 66 1179 

This f i g u r e shows t h a t November i s the month w i t h the highest 

percentage frequencies of d a i l y r a i n f a l l equal t o or greater than 0 2 mm, 

1 mm, 2 mm and 5 mm These percentage frequency values are 57 0, 

40 0 , 29 5, and 15 5, f o r the r e s p e c t i v e d a i l y amounts The 

lowest percentage frequency values are 43 0 ( A p r i l ) , 27 0 (March), 18 0 

( A p r i l ) and 7 T (Mnrch^ f o r the £<bc"c mentioned d a i l y amounts 
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For the percentage of d a i l y r a i n f a l l g reater than or equal t o 10 mm, 
August has got the highest value of 7 0 per cent and A p r i l has got the 
lowest value of 2 4 per cent. 

The p o i n t s t h a t can be mentioned about t h i s f i g u r e are 

1 The per cent frequencies of low d a i l y amounts (0 2 mm, 1 mm and 2 mm) 

dur i n g the w i n t e r season are higher than those during the summer months 

2 With an increase i n the d a i l y r a i n f a l l amount, the gap between the 

percentage frequencies of the summer and w i n t e r months, which i s observed 

f o r low d a i l y amounts decreases I n f a c t f o r h i g h d a i l y amounts of 10 mm 

or more, August has got the high e s t per cent frequency, and the f r e 

quencies of other summer months are i n general higher than during the 

w i n t e r months. 

For a c l o s e r study of the occurrence or exceedance of days w i t h 

d i f f e r e n t r a i n f a l l amounts, the frequency curves of the months of August, 

November and A p r i l were p l o t t e d ( F i g s . 21 and 22) The choice of these 

months was based on the average percentage frequency curves discussed i n 

the p receding paragraphs. August was, thus, considered because i t had 

the highest percentage frequencies of d a i l y amounts among the summer 

months. November was considered because i t had the highest percentage 

frequencies of d a i l y amounts among the w i n t e r months and A p r i l was chosen 

because i t had the lowest percentage frequencies of a l l months f o r a l l 

the d a i l y amounts except one (5 mm) 

The f i g u r e s show t h a t the frequency curves of A p r i l are below those 

of Novembe and August f o r a l l the d a i l y amounts. Comparing the curves 

of August and November, however, i t can be observed t h a t f o r r a i n f a l l 

amounts up t o 5 mm, the frequency curves of November are i n most cases 

above those of August For a d a i l y amount of 5 mm or more, the f r e 

quency curve of August tends t o exceed t h a t of November i n a m a j o r i t y 

o f years. 

The range of values uf occuiience or exceedance of da.y3 w i t h pre-
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c i p i t a t i o n greater than or equal t o 0 2 mm d u r i n g the 35 year period 
has been 7 t o 25 f o r November, 0 to 23 f o r August and 7 t o 19 f o r A p r i l 
The number of days w i t h d a i l y p r e c i p i t a t i o n equal t o or greater than 
10 mm during the 35 year period ranges from 0 t o 7 i n November, 0 t o 9 
m August and 0 t o 4 l i A p r i l 

An a p p l i c a t i o n of the study of frequencies of d a i l y p r e c i p i t a t i o n 

amounts i s i n the e s t i m a t i o n of s o i l moisture content and r u n o f f This 

i s because the d a i l y f a l l s of less than 2 mm are probably not important 

i n i n c r e a s i n g s o i l moisture content, because much of the water w i l l be 

l o s t as evaporation before reaching the s o i l surface. On the other hand, 

d a i l y f a l l s of more than 10 mm might exceed the average i n f i l t r a t i o n r a t e 

of the s o i l and thus r e s u l t i n immediate surface r u n o f f . The minimum 

i n f i l t r a t i o n r a t e of the s o i l s of the area i s given by Edmonds et a l 

(1970) as about 2 8 mm/hr Therefore i t i s only the r a i n f a l l w i t h 

moderate i n t e n s i t y t h a t can increase the s o i l moisture content 

Hourly r a i n f a l l I n the preceding s e c t i o n i t was s t a t e d t h a t d a i l y 

r a i n f a l l over 10mm might r e s u l t i n immediate surface r u n o f f This i n 

f a c t depends t o a l a r g e extent on h o u r l y or shorter period d i s t r i b u t i o n 

of the l a i n f a l l I f , f o r example, a d a i l y f a l l of 30 mm f a l l s d u r i r g 

a p e r i o d of an hour, most of t h a t w i l l r e s u l t i n d i r e c t r u n o f f . However, 

i f t h i s amount of r a i n f a l l i s u n i f o r m l y d i s t r i b u t e d over the 24-hr 

p e r i o d , and assuming a depleted s o i l moisture r e s e r v o i r , almost a l l of 

i t might enter the s o i l and thus increase the s o i l moisture content. 

I n t e n s i t y of r a i n f a l l expressed i n mm or inches per hour i s thus a 

very important aspect of the hydrology of the catchment For t h i s reason 

an attempt was made to study the r a i n f a l l i n t e n s i t i e s w i t h i n the Brovney 

basin The a v a i l a b l e records from the Durham Observatory r e c o r d i n g 

gauge were s t u d i e d These records date back to 1963. However some of 

the charts f o r the period 1963-1969 were missing or were i n c o r r e c t due 

t o the m a l f u n c t i o n i n g of the pen racJiar>irri Fcr t h i s •>e:"3P", t^e i 3 i " f ? l l 
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i n t e n s i t y study was l i m i t e d t o the period October 1969 t o September 1974, 
a period of s i x years The hou r l y i n t e n s i t i e s were read from the chai t& 
A frequency d i s t r i b u t i o n t a b l e of ho u r l y i n t e n s i t i e s equal t o or greater 
than 0.2 mm, 1 mm, 2 mm, 5 mm and 10 mm was prepared. The frequency 
of hours w i t h p r e c i p i t a t i o n greater than or equal to the i n d i c a t e d value 
during each month was expressed as a peicentage of the t o t a l hours during 
the month and from these r e s u l t s F i g 23 was drawn From t h i s f i g u r e , 
several p o i n t s can be made 

1 I n general the w i n t e r months have got a higher percentage of low 

i n t e n s i t y h o u r l y l a m f a l l January w i t h a percentage frequency value of 

9.1 f o r h o u r l y r a i n f a l l of 0 2 mm or more i s the highest of a l l months. 

October on the other hand has got the lowest value of 4.5 per cent. 

2 For the h o u r l y r a i n f a l l i n t e n s i t i e s equal t o or greater than 2 mm, 

5 mm and 10 mm, August exceeds a l l the other months. During August the 

frequencies of h o u r l y r a i n f a l l greater than or equal t o 2 mm, 5 mm and 

10 mm are 1 45, 0 40 and 0 03 per cent 

Thus from t h i s i n t e n s i t y study i t can be observed t h a t high 

i n t e n s i t y r a i n f a l l and i n p a r t i c u l a r i n t e n s i t i e s equal t o or greater than 

10 mm/hr are very low i n frequency The maximum i n t e n s i t y value f o r 

each month du r i n g the s i x year period of study i s given i n Table 19 

Table 19 Maximum monthly i n t e n s i t i e s d u i m g the s i x year 
p e r i o d , 1969-1974 at Durham Observatory 

Month J F M A M J J A S 0 N D 

Maximum 
I n t e n s i t y 
i n mm/hr 

4 8 5 1 3.8 6.1 8 6 6 6 20 3 17.3 7.1 11 2 6 1 4 1 

Thus the highest h o u r l y i n t e n s i t y occurred m July w i t h a value 

of 20 3 mm The next highest value i s i n August w i t h a value of 17.3 mm. 

Considering these i n t e n s i t y values and using the d e f i n i t i o n o f excessive 

p r e c i p i t a t i o n r e f e r r e d to by Gilmaii (1 964), i t can be s t a t e d t h a t there 
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has been only one incidence of excessive h o u i l y r a i n f a l l e.g. 20.3 mm i n 
J u l y . This i s because excessive p r e c i p i t a t i o n i s r e f e r r e d t o as any 
p r e c i p i t a t i o n t h a t f a l l s at a r a t e e q u a l l i n g or exceeding t h a t i n d i c a t e d 
by the formula P = t + 20 where P i s p r e c i p i t a t i o n i n hundredth of an 
inch and t i s the time :n minutes By t h i s d e f i n i t i o n , 

P/^QQ = 60 (min) + 20 = ^/lQO = 0 8, t h e r e f o r e any h o u r l y p r e c i p i t a t i o n 

equal t o or greater than 0 8 inch ( 2 0 3 mm) would be excessive 

Longest run of dry days To i n v e s t i g a t e the longest run of dry days, a 

procedure s i m i l a r t o the other frequency studies was adopted The longest 

run of days f o r each month d u r i n g the 35 year period was considered. These 

were arranged i n decreasing order Considering the d i s t r i b u t i o n of 

longest run of dry days i n each month, I C was found t h a t the frequency 

curve of October was more or less s i m i l a r t o September, November and May, 

t h a t of March was s i m i l a r t o June, J u l y and August and t h a t of January was 

s i m i l a r t o December, February and A p r i l , consequently only the frequency 

curves of March, October and January were drawn ( F i g 2 4 ) From the study 

of frequency curves of the months of March, October, and January i t was 

found t h a t the longest run of dry days during the 35 year period was 3 0 , 

and t h a t t h i s occurred i n March 1 9 5 3 I n f a c t t h i s l e n g t h of run of 

dry days has been the longest i n a l l the months throughout the 35 years. 

I t has been fo l l o w e d by 27 days i n August 1947 and 25 days i n J u l y 1 9 5 5 

(Table 2 0 ) 

Considering the d e f i n i t i o n of absolute drought given by Met ecological 

O f f i c e ( 1 9 6 ^ 1 , which i s "a period of at l e a s t 1 5 days t o none of which 

i s c r e d i t e d 0 . 0 1 inch ( 0 2 mm) of r a i n or more", i t can be concluded 

t h a t , d uring the 35 year p e r i o d , there has been three incidences of 

absolute droughts i n March, two absolute droughts i n October, and none 

i n January. 

I t should be mentioned t h a t the mere t a b u l a t i o n of the number of 

consecutive dry days does not give much i n f o r m a t i o n about tne occurrence 
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o f p h y s i o l o g i c a l d r o u g h t T h i s i s because t h e r e m i g h t be a l o t o f m o i s t u r e 
a v a i l a b l e i n t h e s o i l a t t h e b e g i n n i n g o f a d r y p e r i o d . Thus assuming 
t h e s o i l m o i s t u r e t o be a t f i e l d c a p a c i t y , i t c o u l d p o s s i b l y s u p p l y 
some 75 mm o f r a i n f a l l and, t h e r e f o r e , p r e v e n t t h e o c c u i r e n c e o f any 
p h y s i o l o g i c a l d r o u g h t c u r i n g t h e r a i n l e s s days. 



T a b l e 20 Annual s e r i e s o f l o n g e s t r u n o f d r y days/month, 
1939-1973 a t Durham O b s e r v a t o r y . 

L e n g t h o f P e r i o d Month and Year o f Oc c u r r e n c e 

30 March 1953 
27 August 1947 
25 J u l y 1955 
21 August 1972 
21 June 1970 
19 May 1952 
18 J u l y 1971 
17 October 1969 
17 October 1951 
16 March 1973 
16 March 1966 
15 September 1959 
15 November 1957 
15 June 1949 
14 Mar ch 1943 
14 J u l y 1961 
14 June 1960 
14 May 1963 
13 March 1948 
13 October 1962 
13 September 1941 
12 J u l y 1946 
12 June 1950 
12 June 1967 
11 June 1964 
11 May 1956 
11 May 1939 
11 A p r i l 1954 
10 March 1945 
10 October 1965 
10 A p r i l 1944 
9 J u l y 1968 
9 Apx l l 1942 
8 October 1958 
8 May 1940 
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CHAPTER THREE 

EVAPOTRANSPIRATION - A LITERATURE REVIEW 

E v a p o L r a n s p i r a t i o n i s t h e name g i v e n t o t h e c o m b i n a t i o n o f two 

p h y s i c a l l y s i m i l a r processes 1 e. e v a p o r a t i o n and t r a n s p i r a t i o n . Eva

p o r a t i o n i s t h e c o n v e r s i o n o f w a t e r i n l i q u i d f o r m t o vapour f r o m w a t e r 

and s o i l s u r f a c e s . T h i s vapour i s t h e n t r a n s f e r r e d t o t h e atmosphere. 

T r a n s p i r a t i o n i s d e f i n e d as e v a p o r a t i o n f r o m p l a n t s u r f a c e s . 

E v a p o r a t i o n f r o m w a t e r , s o i l or p l a n t s u r f a c e s o c c u r s because some 

wa t e r m o l e c u l e s a c q u i r e s u f f i c i e n t energy t o oveicome t h e c o h e s i v e 

f o r c e s t h a t b i n d them t o g e t h e r Some o f t h e s e m o l e c u l e s when t r a n s f e r r e d 

i n t o t h e a i r c o l l i d e w i t h o t h e r m o l e c u l e s o f t h e a i r , and hence t h e y 

l o s e some en prey and f a l l back i n t o t h e l i q u i d f o r m . The e v a p o r a t i o n 

process w i l l t h u s , be c o n t i n u e d u n t i l an e q u i l i b r i u m s t a t e i s r e a c h e d , 

when t h e number o f o u t g o i n g m o l e c u l e s i s b a l a n c e d by i n c o m i n g ones 

T h i s s t a t e o f e q u i l i b r i u m i s c a l l e d s a t u r a t i o n and t h e vapour p r e s s u r e 

( p r e s s u r e c r e a t e d owing t o t h e m o t i o n o f v a t e r m o l e c u l e s ) o f t h e eva

p o r a t i n g s u r f a c e and t h a t o f o v e r l y i n g a i r w o u l d t h e n be equal 

Assuming vn l i m i t a t i o n o f w a t e r , t v o r e q u i r e m e n t s must be s a t i s f i e d 

so t h a t e i t h e r o r b o t h o f t h e s e processes c o u i d o c c u r 

1 . Some so u r c e o f energy must be a v a i l a b l e t o be used as l a t e n t h e a t o f 

v a p o r i z a t i o n , or t o be more s p e c i f i c , 580 c a l o r i e s a r e needed t o e v a p o r a t e 

one gram o f w a t e r a t 25°C 

2. There must be some mean o f t r a n s p o r t o!~ t h e vapour t o t h e atmosphere. 

T h i s i s done by .he t u r b u l e n c e o f t h e atmosphere. 

S t u d i e s o f e v a p o t r a n s p i r a t i o n a r e o f pr^me i m p o r t a n c e i n many 

d e s c i p l i n e s o f s c i e n c e e.g. h y d r o l o g y , a g r i c u l t u r e , m e t e o r o l o g y and 

geography Design o f water s t o r a g e r e s e r v o i r s , i r r i g a t i o n systems i n 

s e m i - a r i d and a r i d r e g i o n s , p i e d i c t j o n o f f r e q u e n c y o f a g r i c u l t u r a l 

d r o u g h t s i n humid r e g i o n s c'nd f i o r d s t u d : ' = a r e a l l dependent upon know

l e d g e o f e v a p o t r a n c p i r a t i o n T his e x p l a i n s t h e reasons f o r t h e a c t i v e 
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i n v o l v e m e n t o f s c i e n t i s t s i n t h i s f i e l d , t h e r e s u l t s o f whose work have 
f i l l e d t h e l i t e r a t u r e , e s p e c i a l l y d u r i n g t h e p a s t f o u r decades. However, 
owing t o t h e c o m p l e x i t y o f t h e s o i l - w a t e r - p l a n t system, t h e r e a r e s t i l l 
some s h o r t c o m i n g s t o t h e s o l u t i o n s and a p p r o x i m a t i o n s so f a r r e p o r t e d 
and c o n s e q u e n t l y more work needs t o be u n d e r t a k e n . 

Problems s t i l l e x i s t i n g i n e v a p o t r a n s p i r a t i o n s t u d i e s were a l s o 

r e c o g n i s e d by our p r e d e c e s s o r s and Penman (1956) i n r e v i e w i n g some o f 

t h e i r v i e w s q u o t e s Symons (1867) s a y i n g " e v a p o r a t i o n i s t h e most des-

peraLe branch o f d e s p e r a t e s c i e n c e o f m e t e o r o l o g y " , and C l e v e l a n d Abbe 

(1905) m e n t i o n i n g , " o f c o u r s e we need t o know t h e l o s s o f w a t e r by eva

p o r a t i o n , b u t i n n a t u r e i t i s so much mixed up w i t h seepage, l e a k a g e 

and c o n s u m p t i o n by p l a n t s t h a t our m e t e o r o l o g i c a l d a t a a r e o f compara

t i v e l y l i t t l e i m p o r t a n c e " . 

F a c t o r s a f f e c t i n g e v a p o t r a n s p i r a t i o n 

T h ere a r e t h r e e groups o f f a c t o r s w h i c h a f f e c t e v a p o L r a n s p i r a t i o n 

These f a c t o r s a r e 

1. C l i m a t i c f a c t o r s or c o n d i t i o n s o f t h e atmosphere l e. r a d i a t i o n , 

t e m p e r a t u r e , h u m i d i t y , a t m o s p h e r i c p r e s s u r e and w i n d 

2. S o i l f a c t o i s l e. s o i l w a t e r c o n t e n t and c a p i l l a r y c o n d u c t i v i t y 

3. P l a n t f a c t o r s i . e degree o f p l a n t c o v e r , r o o t i n g d e p t h , p l a n t h e i g h t , 

number and arrangement o f s t o m a t a and t h e i r o p e n i n g and c l o s i n g . 

C l i m a t i c f a c t o i s a f f e c t i n g e v a p o t r a n s p i r a t i o n 
3 o 

( a ) R a d i a t i o n For t h e e v a p o r a t i o n o f 1 cm o f w a t e r a t 25 C, 580 c a l o r i e s 

a r e needed. The o r i g i n a l s o u r c e o f a l l t h e energy i n v o l v e d i n t h e t r a n s 

f o r m a t i o n f r o m l i q u i d t o w a t e r vapour i s t h e sun. The amount o f r a d i a 

t i o n w h i c h w o u l d r e a c h t h e e a r t h f r o m t h e sun i f t h e r e was no atmosphere 
2 

i s about 1 94 c a l o r i e s / m i n / c m o f s u r f a c e normal t o t h e d i r e c t i o n o f 

r a d i a t i o n T h i s amount o f r a d i a t i o n , known as t h e s o l a r c o n s t a n t , a t 

any p o i n t on t h e e a r t h ' s s u i f a c e , i s l e d u c e d by s e v e r a l f a c t o r s . These 

f a c t o r s a r e t h e a n g l e o f i n c i d e n c e o f t h e r a y s , w h i c h d e t e r m i n e s t h e 

i n t e n s i t y o f r a d i a t i o n a t any l o c a t i o n , s c a t t e r i n g o f s o l a r l a d i a t i o n 



by t h e c o n s t i t u e n t s o f atmosphere ( a i r m o l e c u l e s , w a t e r vapour and d u s t ) , 

a b s o r p t i o n o f r a d i a t i o n by a t m o s p h e r i c c l o u d s and gases (ozone, m o l e c u l a r 

oxygen, c a r b o n d i o x i d e ) and r e f l e c t i o n The d i f f e r e n c e between t h e 

t o t a l r a d i a t i o n a r r i v i n g a<. a s u r f a c e ( g l o b a l and l o n g wave f r o m t h e 

s k y ) and t h e t o t a l r a d i a t i o n l e a v i n g t h e s u r f a c e ( a l b e d o and l o n g wave 

e m i t t e d by t h e s u r f a c e ) i s c a l l e d n e t r a d i a t i o n Net r a d i a t i o n can be 

f u r t h e r d i v i d e d i n t o t h a t used f o r h e a t i n g t h e s o i l , a p a r t f o r h e a t i n g 

t h e a i r and t h e r e s t f o r e v a p o r a t i n g w a t e r . The s m a l l amount o f n e t 

r a d i a t i o n used i n p h o t o s y n t h e s i s and s t o r e d i n p l a n t s car be n e g l e c t e d 

because t h e e r r o r i n measurement o f t h e o t h e r terms i s more t h a n t h a t 

used f o r m e t a b o l i c a c t i v i t i e s o f p l a n t s 

Both g l o b a l and n e t r a d i a t i o n a r e h i g h l y c o r r e l a t e d w i t h eva-

p o t r a n s p i r a t i o n , though c o r r e l a t i o n o f e v a p o u r a n s p i r a t i o n w i t h n e t r a d i a 

t i o n i s much h i g h e r t h a n w i t h g l o b a l r a d i a t i o n (Tanner,1967) 

( b ) T emperature Temperature i s a c l i m a t i c f a c t o r w h i c h i s h i g h l y c o r r e 

l a t e d w i t h e v a p o r a t i o n However r a d i a t i o n and e v a p o t r a n s p i r a t i o n , w h i c h 

a r e n e a r l y i n phase on a d a i l y b a s i s , may v a r y c o n s i d e r a b l y f r o m day t o 

day I n c o n t r a s t a i r t e m p e r a t u r e changes s l o w l y because o f h i g h t h e r m a l 

s t o r a g e o f t h e eai-^h and t h e atmosphere and because o f t h e l a r g e amounts 

o f n e t r a d i a t i o n used f o r e v a p o t r a n s p i r a t i o n ( P e l t o n e t a l , 1 9 6 0 ) . Thus 

t h e c o r r e l a t i o n between mean d a i l y t e m p e r a t u r e and d a i l y n e t r a d i a t i o n i s 

p o o r . T h i s t h e r m a l l a g e f f e c t i s p r e s e n t e d i n F i g s 25a and 25b w h i c h 

show t h a t two t e m p e r a t u r e s a r e a s s o c i a t e d w i t h each s o l a r r a d i a t i o n o r n e t 

r a d i a t i o n v a l u e The e f f e c t o f t h e r m a l l a g i s l e a s t d u r i n g t h e p e r i o d 

when b o t h t e m p e r a t u r e and n e t r a d i a t i o n a r e maximum. T h i s l a g e f f e c t 

may be o b s e r v e d from t h e F ig.25c w h i c h shows t h a t mean m o n t h l y evapor

a t i o n f o r monLhs h a v i n g t h e same t e m p e r a t u r e i s h i g h e r d u r i n g s p r i n g 

and cummer months t h a n d u r i n g l a t e summer and autumn ( V e i h m e y e r , 1 9 6 4 ) . 

( c ) H u m i d i t y . The e f f e c t o f h u m i d i t y upon e v a p o t r a n s p i r a t i o n has been 
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known s i n c e 1802 when D a l t o n suggested h i s law T h i s s t a t e s t h a t w i t h 

a g i v e n c o n d i t i o n , e v a p o r a t i o n i s p r o p o r t i o n a l t o t h e d e f i c i t i n vapour 

p r e s s u r e a t t h e e v a p o r a t i n g s u r f a c e and t h e o v e r l y i n g a i r From t h i s 

l a w, i t i s c l e a r t h a t t h e e v a p o r a t i o n r a t e w i l l be g r e a t e r under d r y 

a i r c o n d i t i o n s t h a n under m o i s t ones, a l s o t h a t any i n c r e a s e i n h u m i d i t y 

d e c r e a s e s t h e amount o f e v a p o r a t i o n 

( d ) Wind Wind removes m o i s t a i r f r o m e v a p o r a t i n g b o d i e s and r e p l a c e s 

i t w i t h d r y a i r w h i c h i s c a p a b l e o f h o l d i n g more w a t e r C l e a r l y t h e 

h i g h e r t h e v e l o c i t y o f t h e w i n d , t h e more t h e e v a p o r a t i o n r a t e w i l l be 

up t o a p o i n t when o t h e r f a c t o r s ( e g e n e i g y ) become l i m i t i n g Under 

such c o n d i t i o n s any i n c r e a s e i n w i n d v e l o c i t y does n o t i n c r e a s e evapor

a t i o n . 

A phenomenon w h i c h s h o u l d be c o n s i d e r e d i n any e v a p o t r a n s p i r a t i o n 

s t u d y i s a d v e c t i o n I t o c c u r s when a p r e - h e a t e d o r p r e - c o o l e d a i r 

passes over a w e l l w a t e r e d f i e l d Thus, such a p i e h e a t e d or p r e -

c o o l e d a i r becomes a s o u r c e o r a s i n k f o r energy w h i c h r e s u l t s i n i n 

c r e a s e or decrease o f t h e a i r t e m p e r a t u r e ( F i g 26) A d v e c t i o n m i g h t 

r e s u l t i n s i z a b l e e r r o r s when i t i s caused by warm a i r f r o m d e s e r t s 

or oceans o r c o l a d i r f r o m c o o l ocean c u r r e n t s Van W i j k and De Vnes 

( 1 9 5 4 ) show examples f r o m I r e l a n d , Norway, and t h e N e t h e r l a n d s m w h i c h 

a d v e c t i o n e r r o r s due t o warm a i r c u r r e n t s o c c u r . 

( e ) A t m o s p h e r i c p r e s s u r e Any i n c r e a s e i n b a r o m e t r i c p r e s s u r e i s e x p e c t e d 

t o d ecrease t h e e v a p o r a t i o n r a t e and v i c e v e r s a . T h i s i s e x p l a i n e d by 

t h e f a c t t h a t w i t h a decrease i n a t m o s p h e r i c p r e s s u r e , t h e d e n s i t y o f 

o v e r l y i n g a i r d e c i e a s e s V a r i a c i o n o f a t m o s p h e r i c p r e s s u r e , however, i s 

accompanied by changes i n o t h e r m e t e o r o l o g i c a l f a c t o r s a f f e c t i n g eva

p o t r a n s p i r a t i o n , so t h a t t h e r e s u l t a n t e f f e c t s a r e n o t w e l l u n d e r s t o o d 
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7 
o environment dry 

5* 5 - c o environment wet 
environment wet during part 
of the period V) 

(Penman) 
i 

5 6 m m / d a y 

during part 

Fig 2 6 Relation between evaporation calculated with the modified Penman 
equation and data measured with sunken pans Mean values for 
10 days in 1S59 
(From an original diagram by R i j t e m a 1965) 
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S o i l f a c t o r s a f f e c t i n g e v a p o t r a n s p i r a t i o n 

The s o i l i s t h e so u r c e o f w a t e r f o r e v a p o t r a n s p i r a t i o n and so i t 

has a d e f i n i t e e f f e c t on t h e r a t e a t w h i c h a p l a n t i s a b l e t o t r a n s p i r e 

and a s o i l s u r f a c e t o l o s e w a t e r as e v a p o r a t i o n . Two f a c t o r s combine 

t o g e t h e r t o d e t e r m i n e t h e r a t e a t w h i c h t h e ba r e s o i l s u p p l i e s w a t e r t o 

t h e e v a p o r a t i v e s i t e These f a c t o r s a r e t h e w a t e r c o n t e n t and c a p i l l a r y 

c o n d u c t i v i t y o f t h e s o i l B oth o f t h e s e f a c t o r s a r e t e x t u r a l l y c o n t r o l l e d , 

i . e . a c o a r s e - t e x t u r e d s o i l l i k e sand r e t a i n s l e s s w a t e r a t any s u c t i o n 

l e v e l t h a n a f i n e - t e x t u r e d s o i l l i k e c l a y . T h i s r e s u l t s i n a s m a l l s u p p l y 

o f w a t e r near t h e s u r f a c e r e a d i l y a v a i l a b l e f o r d e l i v e r y t o t h e evapora

t i v e s i t e f o r c o a r s e t e x t u r e d s o i l t h a n t h a t w h i c h o c c u r s i n f i n e t e x t u r e d 

s o i l s C a p i l l a r y c o n d u c t i v i t y f o r f i n e t e x t u r e d s o i l s i s a l s o more t h a n 

t h a t o f c o a r s e t e x t u r e d ones. The c a p i l l a r y r i s e f o r a f i n e t e x t u r e d 

s o i l may r e a c h s e v e r a l f e e t whereas t h a t o f c o a r s e t e x t u r e d s o i l may be 

o n l y a few i n c h e s 

When t h e wa t e r c o n t e n t o f t h e s o i l i s a t f i e l d c a p a c i t y or o v e r , 

e v a p o t r a n s p i r a t i o n w i l l occur a t t h e p o t e n t i a l r a t e . A t t h e permanent 

w i l t i n g p o i n t ( l o w e r 1ange o f w a t e r a v a i l a b i l i t y ) and i n t h e absence o f 

any c o n t r i b u t i o n o f m o i s t u r e due t o c a p i l l a r y r i a e , t h e r e w i l l n o t be any 

w a t e r t o be t r a n s p i r e d by t h e p l a n t or used f o r e v a p o r a t i o n by t h e s o i l 

s u r f a c e . The e x a c t n a t u r e o f t h e r e l a t i o n between e v a p o t r a n s p i r a t i o n and 

s o i l m o i s t u r e v a r i a t i o n over t h e range f r o m f i e l d c a p a c i t y t o permanent 

w i l t i n g p o i n t i s s t i l l a m a t t e r o f c o n t r o v e r s y and a p p a r e n t l y c o n f l i c t i n g 

e v i d e n c e Some o f t h e views on t h i s r e l a t i o n s h i p w i l l be d i s c u s s e d i n 

t h e s e c t i o n on t h e e s t i m a t i o n o f a c t u a l e v a p o t r a n s p i r a t i o n 

P l a n t f a c t o r s a f f e c t i n g e v a p o t r a n s p i r a t i o n 

These f a c t o r s a r e 

( a ) p e r c e n t cover 

( b ) r o o t i n g d e p t h 

( c ) h e i g h t 

( d ) s t o m a t a c l o s u r e and p a t t e r n 



( a ) Per cent cover As t h e p e r c e n t cover of t h e s o i l i n c r e a s e s , t h e 

m a g n i t u d e o f Et i n c r e a s e s . T h i s c o u l d be a s c r i b e d by r e f l e c t i o n . S i n c e 

t h e c o l o u r o f t h e c r o p a f f e c t s r a d i a t i o n , and s i n c e c o l o u r v a r i e s w i t h 

t h e degree o f c o v e r , i t i s i m p l i e d t h a t an i n c r e a s e i n t h e p e r c e n t a g e 

c o v e r i n c r e a s e s e v a p o t r a n s p i r a t i o n A n o t h e r e x p l a n a t i o n t h a t may be g i v e n 

f o r t h i s d i r e c t e f f e c t o f p e r c e n t a g e cover on e v a p o t r a n s p i r a t i o n i s t h a t 

w i t h d r y i n g o f t h e s o i l a f t e r r a i n , or i r r i g a t i o n , t h e r a t e o f e v a p o r a t i o n 

i s checked and t h e s u p p l y o f w a t e r f r o m below cannot s a t i f f y t h e eva

p o r a t i o n r a t e However, under s i m i l a r c o n d i t i o n s , a dense cover o f p l a n t s 

can s u p p l y water f o r t r a n s p i r a t i o n f o r a t l e a s t two weeks b e f o r e t h e r e 

i s any decrease m Et (Gates e t a l ,1967) 

( b ) R o o t i n g d e p t h Under c o n d i t i o n s i n w h i c h s o i l w a t e r i s l i m i t e d i n t h e 

t o p r o o t zone, a w e l l e x t e n d e d deep r o o t e d c r o p can e x t r a c t m o i s t u r e 

f r o m t h e l o w e r zone, t h u s s a t i s f y i n g t h e w a t e r need f o r t v a p o t r a n s p i r a t i o n 

( c ) P l a n t h e i g h t An i n c r e a s e i n p l a n t h e i g h t appears t o i n c r e a s e eva

p o t r a n s p i r a t i o n by g r e a t e r i n t e r c e p t i o n o f a d v e c t e d h e a t (Gates e t a l , 

1 9 6 7 ) . I n a s t u d y by R i j t e m a ( 1 9 6 8 ) , i t was f o u n d t h a t t h e c o e f f i c i e n t 

o f t u r b u l e n t exchange i n c r e a s e d by a f a c t o r o f 2 w i t h a change i n vege

t a t i o n h e i g h t f r o m 10 cm t o 90 cm and by a fac t o r o f more t h a n 5 w i t h a 

change f r o m a s h o r t c u t g r e e n s u r f a c e a t about 2 or 3 cm t o a v e g e t a t i o n 

h e i g h t o f 90 cm (Ward, 1975) 

( d ) Stomata c l o s u r e p a t t e r n E v a p o t r a n s p i r a t i o n f r o m p l a n t s o c c u r s by 

t h e movement o f vapour f r o m t h e i n t e r c e l l u l a r spaces w i t h i n t h e l e a f 

t o t h e f r e e atmosphere by d i f f u s i o n t h r o u g h s t o m a t a , hence any r e d u c t i o n 

o r c l o s u r e o f t h e s t o m a t a r e s u l t s i n a decrease m Et Penman (1956) 

c o n s i d e r i n g t h e e f f e c t s o f stomata o p e n i n g on E t , i n c l u d e d a f a c t o r f 

i n h i s f o r m u l a w h i c h i s based on stomata geometry, and p o p u l a t i o n and day 

l i g h t . R e d u c t i o n o f t h e a p e r t u r e o f t h e s t o m a t a i s caused by i n t e r n a l 

w a t e r d e f i c i t i n t h e p l a n t and c l i m a t i c f a c t o r s l i k e l i g h t , t e m p e r a t u r e 

and w i n d 
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P o t e n t i a l v e r s u s a c t u a l e v a p o L r a n s p i r a t i o n 

P o t e n t i a l e v a p o t r a n s p i r a t i o n i s d e f i n e d by Penman (1956) as, 11 

e v a p o r a t i o n f r o m an extended s u r f a c e o f s h o r t g r e e n c i o p , a c t i v e l y grow

i n g , c o m p l e t e l y s h a d i n g t h e gr o u n d , o f u n i f o r m h e i g h t and n o t s h o r t o f 

w a t e r " By t h i s d e f i n i t i o n t h e e f f e c t s o f s o i l and p l a n t f a c t o r s on 

e v a p o t r a n s p i r a t i o n a r e removed and c l i m a t i c f a c t o r s a r e c o n s i d e r e d t o he 

t h e o n l y v a r i a b l e s upon w h i c h e v a p o t r a n s p i r a t i o n depends A c t u a l eva

p o t r a n s p i r a t i o n i s however, e v a p o r a t i o n f r o m s o i l , w a t e r and p l a n t s u r f a c e s 

as d i c t a t e d by c o m b i n a t i o n o f a l l t h e t h r e e groups o f f a c t o r s Measure

ment o f p o t e n t i a l e v a p o t r a n s p i r a t i o n under c o n d i t i o n s d e f i n e d by Penman, 

i s r e l a t i v e l y easy Howe\er, owing t o complex s o i l - w a t e r - p l a n t r e l a t i o n 

s h i p s , t h e measurement o f a c t u a l e v a p o t r a n s p i r a t i o n i s d i f f i c u l t 

The methods o f m e a s u r i n g e v a p o t r a n s p i r a t i o n may be d i v i d e d i n t o 

t h r e e mam groups 

1. T h e o r e t i c a l methods 

2 E m p i r i c a l methods 

3. Water b a l a n c e methods 

1 T h e o r e t i c a l methods o f e s t i m a t i n g e v a p o t r a n s p i r a t i o n 

These methods a r c d i v i d e d i n t o two sub-groups, aerodynamic methods and 

energy b a l a n c e methods The f i r s t o f t h e s e two i s s e l f - c o n t a i n e d , w h i l e 

t h e second depends on some o f t h e p r i n c i p l e s o f t h e f i r s t 

Eddy c o r r e l a t i o n ( a e r o d y n a m i c ) A p a r c e l o f a i r ( e d d y ) w i t h an upward 

movement causes an upward f l u x o f w a t e r v a p o u r . I f t h e v e l o c i t y o f t h e 

eddy and i t s vapour c o n t e n t i s measured -wer a p e r i o d o f t i m e t h e summa

t i o n o f t h e p r o d u c t s o f t h e two terms g i v e t h e upward f l u x o f w a t e r vapour 

i n t h e atmosphere The i n s t r u m e n t f o r m e a s u r i n g e d d i e s and t h e i r 

c h a r a c t e r i s t i c s l e t e m p e r a t u r e , h u m i d i t y and v e r t i c a l w i n d v e l o c i t y 

i s c a l l e d an e v a p o t r o n T h i s i n s t r u m e n t measures f l u c t u a t i o n s i n t h e 

t e m p o r a l u r e , h u m i d i t y and w i n d v e l o c i t y o f m i n u t e e d d i e s T h i s i n f o r m 

a t i o n may be f e d d i r e c t l y I L U D a computer ana an o u t p u t o f n e t upward 
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movement, o f water vapour f o r t h e e v a p o r a t i n g s u r f a c e o b t a i n e d (Ward,1971) 
P r o f i l e method ( a e r o d y n a m i c ) I n t h i s method t h e v e r t i c a l f l u x d e n s i t i e s 
o f w a t e r vapour, s e n s i b l e h e a t and momentum ( s h e a r i n g s t r e s s ) a r e r e 
p r e s e n t e d by a one d i m e n s i o n a l f o r m o f a g e n e r a l s t e a d y s t a t e e q u a t i o n 1 e. 

= K Pfity ( 1 ) , H = K.C P^T/, ( 2 ) x v x i- n p o i. 

L m P<5 U ( 3 ) 

E i s t h e 

K 
V 

i s t h e 

P I S t h e 

I S t h e 

z I S t h e 

H I S t h e 

K 
m 

I S t h e 

C 
P 

I S t h e 

( 0 242 

T I S t h e 

T I S t h e 

(gm/cm 

K 
m 

i s t h e 

U i s t h e 

i s t h e v e r t i c a l f l u x d e n s i t y o f s e n s i b l e h e a t i n cal/cm^/sec 
. . . 2 , 

i s t h e s p e c i f i c h e a t c a p a c i t y o f d r y a i r a t c o n s t a n t p r e s s u r e 

Vapour p r e s s u r e and s p e c i f i c h u m i d i t y a r e r e l a t e d by t h e f o r m u l a 

f - e e/P ( g i s t h e r a t i o o f t h e d e n s i t i e s o f wa t e r vapour and d r y a i r , 

e i s t h e vapour p r e s s u r e and P i s t h e a t m o s p h e r i c p r e s s u r e ) S i n c e i t 

i s t h e vapour p r e s s u r e w h i c h i s u s u a l l y measured i n e v a p o t r a r s p i r a t i o n 

s t u d i e s , e q u a t i o n ( 1 ) r e s u l t s i n 

E » » < K v p e / p ) ( 6e/6Z) ( 4 ) 

To d e t e r m i n e t h e e v a p o r a t i o n , s e n s i b l e h e a t and momentum, t r a n s f e r co-

c o e f f i c i e n t s s h o u l d be e v a l u a t e d A p p l y i n g t h e e a u a t i o n f o r an i n c r e a s e 

o f w i n d sneed w i t h h e i e h t i e 
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Su/^Z -\ft/^/KZ ( 5 ) i n w h i c h K i s t h e Von Karman c o n s t a n t ( 0 41) 
and e q u a t i o n ( 3 ) we g e t 

Kra _- K 2 f U 2 - U x (m Z 2/ Z ^ 

I f we now assume t h a t each eddy t r a n s p o r t s w a t e r vapour and s e n s i b l e 

h e a t and momentum p r o p o r t i o n a l l y , t h e n = K v - . C o n s e q u e r t l y 

e v a p o r a t i o n , s e n s i b l e h e a t and momentum can be d e t e r m i n e d f r o m e q u a t i o n s 

( 4 ) , ( 2 ) and ( 3 ) r e s p e c t i v e l y 1-or e v a p o r a t i o n t h e e q u a t i o n i s t h e n i n 

t h i s f o r m 
2 Z 

E x = (K pe/P) ( U 2 - U L) / ' I n ( Z 2 / Z l ) ( 7 ) 

For t h e v a l i d i t y o f e q u a t i o n ( 6 ) and s i m i l a r ones f o r s e n s i b l e h e a t and 

momentum, s e v e i a l a ssumptions s h o u l d be made and I a n n e r (1967) d i s c u s s e s 

them i n d e t a i l 

( a ) Steady s t a t e The assu m p t i o n o f a s t e a d y s t a t e appears t o e x c l u d e 

t r a n s i e n t c o n d i t i o n s a t t h e s u r f a c e ( e g vapour p r e s s u r e or Lemperature 

changes b r o u g h t about by r a d i a t i o n v a r i a t i o n ) T h i s assumption m i g h t n o t 

cause s e r i o u s e r r o r i n agronomic work, though i n r e s e a r c h w i t h s e r s i t i v p 

i n s t r u m e n t s i t w i l l r e s u l t i n some e i r o i 

( b ) A d i a b a t i c c o n d i t i o n s . S u r f a c e h e a t i n g and c o o l i n g produces w i n d p r o 

f i l e c u r v a t u r e and causes changes i n p r o f i l e s l o p e , c o n s e q u e n t l y e q u a t i o n 

( 5 ) w o uld be i n v a l i d 

(id) Homogeneity o f s u r f a c e S u r f a c e homogeneity a f f e c t s t h e r a t i o o f 

Kv/Km and Kh/Km Over heterogeneous s u r f a c e s some s p o t s a r e p r i m a r i l y 

s ources o f h e a t and o t h e r s may be sources o f wa t e r vapour and s i n k s fox 

momentum I f t h e s c a l e o f w i n d eddy i s t h e same s i z e or s m a l l e r t h a n 

t h e h e t e r o g e n e i t i e s , h e a t and wa t e r vapour a r e s e p a r a t e d i n e d d i e s and 

t h e i n d i v i d u a l e d d i e s a c t s e l e c t i v e l y i n t r a n s p o r t i n g h e at and w a t e r 

vapour as a r e s u l t o f t h e g r e a t e r upward a c c e l e r a t i o n o f h o t t e r and d t i e r 

e d d i e s , thus Kv ^ Kh / Km 

( d) V e r t i c a l t r a n 3 p o r r r e s t r i c t i o n To r e s t r i c t t r a n s p o i t t o a v e r t i c a l 
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d i r e c t i o n , t h e r e s h o u l d be no h o r i z o n t a l g r a d i e n t o f vapour, heat and 
momentum T h i s i s e x p l a i n e d by t h e f a c t t h a t as a i r moves f r o m a s u r f a c e 
o f a g i v e n w e t ness, t e m p e r a t u r e , and r o u g h n e s s , t o a d i f f e r e n t s u r f a c e , 
t h e v e l o c i t y , a i r t e m p e r a t u r e and vapour p r o f i l e change f r o m t h o s e r e 
p r e s e n t i n g p r o p e r t i e s '"f t h e f i r s t s u r f a c e t o t h o s e r e s u l t i n g f r o m t h e 
p r o p e r t i e s o f t h e second 

Energy b a l a n c e methods P r i n c i p l e s o f c o n s e r v a t i o n o f energy when a p p l i e 

t o t h e e v a p o r a t i v e s u r f a c e , can h e l p one t o u n d e r s t a n d f u l l y t h e energy 

a s p e c t s o f t h i s p rocess The s i m p l e e n e r g y b a l a n c e o f a s u r f a c e i s ex

p r e s s e d by 

Rn = LE + H + S ( 8 ) x 

i n which Rn i s che n e t r a d i a t i o n ( d i f f e r e n c e between t o t a l i n c o m i n g r a d 

i a t i o n , and o u t g o i n g l o n g wave and r e f l e c t e d r a d i a t i o n ) , E i s t h e energy 

used f o r e v a p o r a t i o n (E = L E , L b e i n g t h e l a t e n t h e at o f e v a p o r i z a t i o n 
X 

2 i n cal/gm and E i s t h e e v a p o r a t i o n r a t e i n gm/cm / t i m e ) h a v i n g t h e u n i t x 
2 

o f c a l /cm / t i m e , H i s t h e amount o f energy used f o r h e a t i n g t h e a i r and 
2 

S i s t h a t p o r t i o n o f n e t energy used f o r h e a t i n g t h e s o i l ( a l l i n cal/cm 

t i m e ) T h i s f o r m u l a n e g l e c t s s m a l l energy terms such as t h a t used i n 

m e t a b o l i c a c t i v i t i e s ( p h o t o s y n t h e s i s and r e s p i r a t i o n ) and s t o r a g e o f 

h e a t i n p l a n t t i s s u e s Rn may be measured by n e t r a d i o m e t e r s or a l t e r 

n a t i v e l y d e t e r m i n e d by u s i n g weather parameters The v a l u e o f S can 

e i t h e r be measuied by s o i l h e a t f l u x p l a t e s , or d i s r e g a r d e d (Penman 

e t a l , 1 9 6 7 ) Thus n e t energy s h o u l d be p a r t i t i o n e d i n t o t h e amount used 

f o r e v a p o r a t i o n and t h a t used f o r h e a t i n g t h e a i r . 

Bowen (1926) d e t e r m i n e d t h a t f o r a g i v e n s u r f a c e t h e r a t i o o f 

energy p a r t i t i o n e d i n t o s e n s i b l e heat ( H ) , t o t h a t p a r t i t i o n e d i n t o 

e v a p o r a t i o n i s r e l a t i v e l y c o n s t a n t Thus H/E = (3(9) R e p l a c i n g t h e 

v a l u e s o f H + E f r o m e q u a t i o n s ( 2 ) and ( 4 ) i n t o ( 9 ) we g e t 

K h C p P ( T 2 - T1 ) /K v cL ( e 2 - e x ) = 8 ( 1 0 ) 
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i s assumed t o be e q u a l t o K v ( v a l i d f o r homogenous s u r f a c e s ) and i f 
C P P/fcL = y J t h e n ( T 2 - / ( e 2 - - (11) 

f r o m e q u a t i o n (8) and e q u a t i o n ( 9 ) , t h e n , we g e t , 

E = ( R n / l + S> ( 1 2 ) 

Hence a c t u a l e v a p o r a t i o n can be o b t a i n e d f r o m t h e above e q u a t i o n by 

knowing and m e a s u r i n g t h e t e m p e r a t u r e and vapour r r e s s u r e a t two 

h e i g h t s V alues o f B over homogeneous i r r i g a t e d areas r a n g e between z e r o 

and 0 2 (Penman e t al , 1 9 6 7 ) . 

2 E m p i r i c a l methods 

V a r i o u s e m p i r i c a l f o r m u l a e have been suggested f o r t h e p r e d i c t i o n 

o f e v a p o t r a n s p i r a t i o n The development o f t h e s e e q u a t i o n s has been 

based on t h e c o r r e l a t i o n o f e v a p o t r a n s p i r a L i o n w i t h one or more c l i m a t i c 

f a c t o r s , and t h e degree o f e m p r i c j s m o f t h e f o r m u l a e v a r i e s depending 

on t h e number o f f a c t o r s c ont>ideied and t h e s i m p l i f y i n g a ssumptions 

made The c l i m a t i c f a c t o r s w h i c h a r e m o s t l y a d o p t e d as v a r i a b l e s a r e 

r a d i a t i o n ( s o l a r and n e t ) , mean t e m p e r a t u r e , h u m i d i t y and w i n d . 

R a d i a t i o n methods o f e v a p o t r a n s p i r a t i o n assebsment f a l l i n t o two 

groups (Tanner,1967) Those w h i c h a r e based on r a t i o n a l energy b a l a n c e , 

and t h o s e w h i c h r e l a t e e v a p o t r a n s p i r a t i o n w i t h s o l a r or n e t r a d i a t i o n by 

s i m p l e r e g r e s s i o n t e c h n i q u e s Examples o f t h e f o r m e r method a r e t h o s e 

o f Penman (1948) and M c l l o r y ( S l a t y e r and Mcllory,1 9 6 1 ) r e p o r t e d by 

R i j t e m a (1965), w h i c h i n p r i n c i p l e a r e n o t e m p i r i c a l b u t become so because 

o f a s s u m p t i o n s made t o u t i l i z e e x i s t i n g weather d a t a An example f o r 

t h e l a t t e r method i s t h a t o f Jensen and t i a i s e (1963). I n v i e w o f t h e 

f a c t t h a t s o l a r r a d i a t i o n i s t h e main s o u r c e o f energy f o r s u p p l y i n g t h e 

l a t e n t h e a t o f v a p o r i z a t i o n o f w a t e r , even i n a r i d a r e a s , good c o r r e l a t i o n s 

between e v a p o t r a n s p i r a t i o n and n e t or s o l a r r a d i a t i o n a r e t o be e x p e c t e d 

and P e l t o n e t al , (196o) suggest t h a t t h e y a r c t h e best methods, i f r a d 

i a t i o n d a t a a r e a v ^ - l a L l e 

Mean t e m p e r a t u r e metnods can be e > a m p l i f i e d by t h o s e o f 
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T h o r n t h w a i t e (1948) and Blaney and C n d d l e ( 1 9 5 0 ) . The w i d e s p r e a d use o f 
t h e s e f o r m u l a e i s due t o t h e i r s i m p l i c i t y and a v a i l a b i l i t y o f t e m p e r a t u r e 
and l a t i t u d e d a t a a t any l o c a t i o n and any p e r i o d o f t i m e 

H u m i d i t y methods a r e a v a r i a t i o n o f t h e D a l t o n f o r m u l a i n w h i c h 

t h e vapour p r e s s u r e g r a d i e n t i s r e p l a c e d by s a t u r a t i o n d e f i c i t d a t a and 

t h e e m p i r i c a l w i n d f u n c t i o n s a r e d i f f e r e n t An e m p i r i c a l f o r m u l a w h i c h 

uses h u m i d i t y as w e l l as t e m p e r a t u r e t o e s t i m a t e e v a p o t r a n s p i r a t i o n i s 

g i v e n by H a l s t e a d (1951) Some o f t h e s e methods a r e d i s c u s s e d i n t h e 

f o l l o w i n g paragraphs 

D a l t o n f o r m u l a . T h i s i s t h e o l d e s t aerodynamic f o r m u l a and i s based on 

an e m p i r i c a l e q u a t i o n o f t h e f o r m 

E = f ( U z ) ( e
s ~ e

< J ) ( 1 3 ) i n w h i c h E i s uhe e v a p o r a t i o n r a t e , 

f ( U ) i s an e m p i r i c a l w i n d speed a t h e i g h t z, e i s t h e s a t u r a t e d vapour z s 
p r e s s u r e a t t h e e v a p o r a t i n g s u r f a c e , and e i s t h e mean a c t u a l vapour 

z 

p r e s s u r e a t t h e h e i g h t z C l e a r l y t h i s f o r m u l a g i v e s v a l u e s f o r p o t e n t i a l 

e v a p o r a t i o n or e v a p o t r a n s p i r a t i o n , s i n c e t h e vapour p r e s s u r e a t t h e 

s u r f a c e i s assumed t o be s a t u r a t e d The w i n d speed f u n c t i o n i s commonly 

g i v e n i n i_he f o r m o f f ( l l ) = (a+bu) or f ( u ) = bu, a and b b e i n g c o n s t a n t s 

Penman f o r m u l a Penman i n 1948 sug g e s t e d a f o r m u l a which was based on 

h i s work a t Rothan.ste^ E x p e r i m e n t a l S t a t i o n T h i s f o r m u l a i s by f a r 

t h e most co m p l e t e o f a l l e m p i r i c a l f o r m u l a e i n w h i c h t h e p r i n c i p l e s o f 

b o t h energy b a l a n c e and aerodynamic methods a r e i n c o r p o i a t e d The de

r i v a t i o n o f Penman f o r m u l a i s as f o l l o w s -

u s i n g equa'.ion ( 1 2 ) d e v e l o p e d e a r l i e r I e. E = R n / ( l + 3 ) and an a e r o 

dynamic e q u a t i o n s i m i l a r t o t h a t o f D a l t o n , 

E = f ( U z ) ( e s - e z ) 

s i m i l a r l y H = f ( U ) (T - T ) and 
z s z 

t h e n R = E + f ( U ) (T - T ) ( 1 4 ) 
n z s z 

Si n c e i-he s l o o c o i t h e s a t j r a t i o n vapour p r e s o u i e curve,A»is g i " e n by 
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o 
6 S — 6 Z O & = — — (e i s the s a t u r a t i o n vapour pressure at height z ) , 
JL S — X Z Z 

then 
R = E + Y / A f(U ) (e - e °) (15) n a z s z 

_ O O / \ / 0 . But e - e = e - e + e - e = ( e - e ) - (e - e ) s z s z z z s z z z 

t h e r e f o r e , R = E + ( \ ) f ( U ) (e - e ) - (Y/ A) f (U ) (e ° - e ) n t ^ z s z <J z z z 

° r R n = E + (Y/ A) E - 0/ts.) E a (16) 

E being equal t o f ( U ) (e,° - c ) (17) 
3 Z li Z 

and f i n a l l y E = ( ( 4 / ^ ) R n + Efl) / I- D 

or E » (R n + 0 ^ ) / (1 + ^ ) ( 1 8 ) . 

The e m p i r i c a l wind speed f u n c t i o n ( f ( U z ) ) t h a t Penman f i r s t suggested 

(1948) i s represented i n the f o l l o w i n g form 

f ( U 2 ) = 0.35 (1+U 2/100) (19) 

However l a t e r he suggested a nev wind speed f u n c t i o n (Penman 1956) 

f ( U 2 ) = 0 35 (0 5-rU2/100) ( 2 0 ) . 

The value of R^ (net r a d i a t i o n ) i s measured by net radiometer oi c a l 

c u l a t e d from the formula 

R n = Rl ( 1 - r ) - Rfi (21) 

where R̂  i s short wave r a d i a t i o n reaching the surface, r i s the r e f l e c t i o n 

f a c t o r and R i s the long wave r a d i a t i o n . 
a 

The short wave r a d i a t i o n can be measured w i t h reasonable ease 

and accuracy using s o l a r i m e t e r s Since the number of places at which i t 

i s measured i s s mall, i t can be c a l c u l a t e d by an e m p i r i c a l r e l a t i o n of 

the form 
R l = RA ( a + b n / N ) ( 2 2 ) 

i n which R̂  i s the t h e o r e t i c a l maximum r a d i a t i o n i f there was no atmosphere, 

a and b are l a t i t u d e dependent constants and n/N i s the r a t i o of a c t u a l 

t o maximum possible hours of sunshine 

Deacon (1958) compared irea.sui.cd a i d calculat-tvi Jrii_<* of si m r t 

http://irea.sui.cd
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wave r a d i a t i o n and found a v a r i a t i o n of 15 per cent (Rijtema, 1965). r 

i s dependent on tne k i n d of surface. I t s approximate value f o r a water 

surface i s about 0 05 and f o r green vegetaLion i s 0 25 

R , the long wave r a d i a t i o n l e a v i n g the surface, i s expressed q u a n t i t a -8 
t i v e l y by the Stefan-Bcltzmann Law l e 

4 
R =aT i n which p i s a constant and T i s absolute temperature However B 

t h i s back r a d i a t i o n i s reduced by atmospheric vapour and cloud Penman 

(1956) assuming a complementary r e l a t i o n between mean cloudiness and the 

mean sunshine f a c t o r n/N, expresses the net back r a d i a t i o n by the f o l l o w 

i n g formula 

I n h i s formula Penman removed the necessity of two l e v e l measure

ments of temperature, wind v e l o c i t y and vapour pressure by assuming t h a t 

the lower h e i g h t measurement has been s h i f t e d t o the evaporating surface, 

t h a t the evaporating surface i s s a t u r a t e d , and t h a t the suiface temper

a t u r e i s equal t o t h a t a t l e v e l 

To use t h i s formula, measurement of temperature (maximum, nunimum, 

dry and wet bulb) and wind v e l o c i t y at a heig h t of two metres should be 

made I n a d d i t i o n measurements should be made of net r a d i a t i o n (by net 

radiometer) or t o t a l r a d i a t i o n (by s o l a r l m e t e r ) . I n the absence of these 

instruments, data from sunshine recorders should be used i n the e m p i r i c a l 

equation (22) t o c a l c u l a t e the t o t a l r a d i a t i o n term 

The source of empiricism i n the Penman formula l i e s i n the use 

of an e m p i r i c a l aerodynamic equation and neglect of heat storage below 

the evaporating surface. Furthermore the assumption t h a t the evaporating 

surface i s s a t u r a t e d , neglects the vapour pressure d e f i c i t a t the non-

sat u r a t e d evaporating surfaces and consequently the Penman formula y i e l d s 

values f o r p o t e n t i a l e v a p o t r a n s p i r a t ] o n I n s p i t e of these p o i n t s the 

formula i s an e x c e l l e n t t o o l f o r s o i l moisture e s t i m a t i o n i n the range of 

R, = a T 4 (0.56 - 0.09 \Z7) K z (0 1 0 + 0 . 9 0 n/N) ( 2 3 ) . 
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f i e l d capacity c o n d i t i o n s and the inaccuracy i n v o l v e d i s no worse than 
t h a t i n the e s t i m a t i o n of r a i n f a l l (Penman et al,1967). Ward (1967) 
r e f e r s t o the r e s u l t s of a p p l i c a t i o n of t h i s formula by G i l b e r t et a l 
(1954) who found i t successful f o r f i v e - d a y period e s t i m a t i o n and by 
Fearl et a l (1954) over a seven-day period I n general as the length 
of p e r i o d increases, the accuracy of the formula increases 
Thornthwaite formula Thornthwaite ( i y 4 8 ) suggested an e m p i r i c a l formula 
f o r e s t i m a t i o n of p o t e n t i a l c v a p o t r a n s p i r a t i o n . This formula i s based 
on mean temperature data and has been developed from r a i n f a l l and run 
o f f data of drainage basins. The s a m p ] j c i t y of the formula and the 
a v a i l a b i l i t y of the temperature data f o r long periods at many l o c a t i o n s 
have been the mam reason f o r i t s widespread use Thornthwaite equation 
i s i n the form 

X Si K 
P.E r 1.6 (10T/I) i n which P.E i s unadjusted p o t e n t i a l eva-

• 
p o t r a n s p i r a t ] o n i n cm, T i s monthly mean a i r temperature (C°), 

12 x 5 U 

I = and l = (T/5) U i s defined as monthly heat i n d e x ) . 
1=1 

a = 6 75 ( 1 0 ~ 7 I 3 ) - 7.71 ( 1 0 _ 5 I 2 ) + 1 792 ( 1 0 _ 2 1 ) + 0.4923. The formula 

gives unadjusted i-ates of p o t e n t i a l e v a p o t r a n s p i r a t i o n based on a 12 hour 

day and t h i r t y - d a y month and i s corrected by the a c t u a l day length i n 

hours ( h ) , and the number of days i n month (N) t o get adjusted values, 

l e P E r P.E* ( h / l 2 ) ( N / 3 0 ) . 

a l o g - p l o t of P.E versus T i s a s t r a i g h t l i n e passing through (P.E = 

1.6 and T = I / l 0 ) . The a p p l i c a b i l i t y of t h i s formula i s based on the 

c o r r e l a t i o n between r a d i a t i o n and temperature and between r a d i a t i o n and 

ev a p o t r a n s p i r a t i o n The formula i s most u s e f u l f o r monthly or longer 

per i o d estimates I t has been found u n r e l i a b l e f o r d a i l y , three-day 

and six-day period estimates ( P e l t o n ct al,1960) Tanner (1967) r e 

commends the c a l i b r a t i o n of the foimula f o r any given r e g i o n t o d e r i v e 

l o c a l monthly or seasonal c o e f f I C : e n t s \ h i c h i n c l u d e temperature l a g , 

v e g e t a t i o n and l o c a l c l i m a t i c c o i r e c t i o n s 

file:///hich


86 

Evaporation pans Evaporation pans are wi d e l y used t o i n t e g r a t e the 
o v e r a l l e f f e c t s of c l i m a t i c f a c t o r s on e v a p o t r a n s p i r a t i o n . Since the 
same f a c t o r s t h a t r e s u l t i n e v a p o t r a n s p i r a t i o n , cause evaporation from 
pans, some s o r t of equation could be developed f o r r e l a t i n g pan evapor
a t i o n dala t o e v a p o t r a n s p i r a t i o n This seems t o be h i g h l y d e s i r a b l e 
because none of the c a l c u l a t e d formula take i n t o account a l l the c l i m a t i c 
c o n d i t i o n s and f u r t h e r the a p p r a i s a l of the r e s u l t s obtained should be 
based on the e f f e c t of s o i l and p l a n t f a c t o r s which appear as e m p i r i c a l 
f a c t o r s I t i s , t h e r e f o r e , p r e f e r a b l e t o use open pan evaporation as an 
estimate of the p o t e n t i a l evaporation and then an e m p i r i c a l c o r r e c t i o n 
f a c t o r can be a p p l i e d t o measured evaporation t o r e l a t e i t to a c t u a l 
e v a p o t r a n s p i r a t i o n 

There are many d i f f e r e n t types of pans and they d i f f e r i n s i z e 

and exposure. Consequently the r e s u l t s obtained are d i f f e r e n t , though 

i n general a l l evaporation values thus obtained, exceed t h a t from l a r g e 

water surfaces under s i m i l a r c o n d i t i o n s . To convert pan data t o t r u e 

evaporation, c o e f f i c i e n t s w i t h values less than one are a p p l i e d . Among 

the d i f f e r e n t evaporation pans used, the two most popular, are the Sunken 

Pan from the United Kingdom and the Class A evaporation Pan from the 

United States 

3. Water balance methods 

These methods of measuring e v a p o t r a n s p i r a t i o n are based on the a p p l i 

c a t i o n of water balance equation Water balance equation i s presented 

i n the f o l l o w i n g simple form 

P = R + Et + AS + ftc-

l n which P — i s p r e c i p i t a t i o n 

R - i s r u n o f f 

Et - i s e v a p o t r a n s p i r a t i o n 

AS - i s change i n s o i l moisture l e v e l and 

- i s cnange i n groundwater buordge 

Water balance methods may be d i v i d e d i n t o the f o l l o w i n g types -
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evapotranspirometer method 

l y s i m e t e r method 

s o i l p r o f i l e method 

catchment method 

Evapotranspiron-eLer method. This method has been used by Thornthwaite 

(1955) t o measure p o t e n t i a l e v apot^anspiration An evapotranspirometer 

i s a w a t e r - t i g h t tank f i l l e d w i t h s o i l I t works on the p r i n c i p l e t h a t 

the d i f f e r e n c e between the w^ter added and tha t drained represents the 

volume of water used as e v a p o t r a n s p i r a t i o n The assumption which i s 

made i s t h a t the moistura content of the s o i l i s always kept near f i e l d 

c a p a c i t y For t h i s purpose, the tank i s i r r i g a t e d d a i l y by an amount 

of water which exceeds the p o t e n t i a l e v a p o t r a n s p i r a t i o n Hence, con

s i d e r i n g the water balance equation, Et = P + I - D i n which 

P - i s p r e c i p i t a t i o n 

I - i s i r r i g a t i o n 

D - i s the excess water drained 

By using t h i s formula, i t i s assumed t h a t change i n the s o i l moisture 

content i s zero The r e s u l t s of studies of p o t e n t i a l e v a p o t r a n s p n a t i o n 

by t h i s method a i e r e ported by Green, (1957, 1959), Ward (1963) and Pegg 

et a l (1972) 

Lysimeter method Lysimeters are i s o l a t e d blocks of s o i l used t o 

measure a c t u a l e v a p o t r a n s p i r a t i o n Lysimeters are of many sizes and 

vary depending on the depth of the s o i l p r o f i l e , the type of crop, 

the accuracy r e q u i r e d and expense. 

To measure a c t u a l e v a p o t r a n s p i r a t i o n by l y s i m e t e r s , the s o i l 

container i s measured p e r i o d i c a l l y to determine the weight changes. 

Depending upon the method of measurement, lysimeuers are d i v i d e d i n t o 

weighing and h y d r a u l i c types I n the weighing type, the s o i l container 

i s placed i n s i d e a tank and i s f r e e f o i weighing Weighing i s done by 

TnechanjLcal or e l e c t r i c ; ? ! balances o f d i f f e r e n t H p cigns One of the besL 
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examples of weighing l y s i m e t e r s i s the l a r g e Coshocton weighing lysi m e t e r 

(Harold and D r e i b e l b i s , 1 9 5 1 , as reported by Winter,1963). This l y s i m e t e r 
2 

consists of a 65 ton mo n o l i t h block of s o i l , 8 1m i n area and 2.44 m 

i n depth and i s weighed by a r e c o r d i n g balance which i s s e n s i t i v e t o 

0.25 mm Et. 

Another example of t h i s type i s the l j ^ t o n instrument developed 

by the N a t i o n a l I n s t i t u t e of A g r i c u l t u r a l Engineering and i n s t a l l e d a t 

the RoLhairstecZ Experiment S t a t i o n ( M o r r i s , 1959). These ly s i m e t e r s 

are h i g h l y d e s i r a b l e and u s e f u l f o t the measurement of a c t u a l evapo-

t r a n s p i r a t i o n , however, they are vory expensive and so the amount of 

experimental r e p l i c a t i o n i s l i m i t e d 

A h y d r a u l i c l y s i m e t e r i s one i n which the s o i l container i s placed 

on some s o r t of h y d r a u l i c load c e l l and changes i n weight are shown as 

changes i n the pressure of the load c e l l s . Winter (1963) described two 

ly s i m e t e r s based on the above p r i n c i p l e . One has got most of the weight 

of the s o i l container supported by bouyancy i n water, w h i l e the remainder 

i s supported by a f l e x i b l e water f i l l e d bag on which i t r e s t s The other 

one described has got a l l the weight of the s o i l f i l l e d contamei supported 

by water f i l l e d bags. These lys i m e t e r s are simple t o b u i l d and the cost 

of c o n s t r u c t i o n i s low, and hence r e p l i c a t i o n can be made. 

S o i l p r o f i l e water balance method I n t h i s method, the equation of 

water balance i s a p p l i e d t o the r o o t zone of the p l a n t and the major 

parameters which are considered are r a i n f a l l , r u n o f f and A s, which i s the 

change i n s o i l moisture content over the short period of c o n s i d e r a t i o n 

Two important f a c t o r s a f f e c t the accuracy of the r e s u l t s obtained by t h i s 

method. These are deep p e r c o l a t i o n and c a p i l l a r y movement of water from 

a high w a t e r - t a b l e t o the surface which occurs mostly during dry seasons. 

The instrument recommended f o r determination of changes i n s o i l 

moisture content i n t h i s method i s the neutron probe. This instrument 

allows r a p i d measurement of s o i l moisture w i t h a high degree of accuracy 
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Catchment water balance method E v a p o t r a n s p i r a t i o n may be measured by 

apply i n g the water balance equation t o a catchment However, there are 

two main problems m adopting t h i s procedure These are -

( I ) the catchment should be water t i g h t so t h a t no leakage may occur from 

i t t o adjacent ones or v i c e versa. 

( I I ) owing t o s p a t i a l and temporal v a r i a t i o n s of s o i l moisture content 

and groundwater storage, the area! values of these two terms cannot be 

measured Considering long term e v a p o t r a n s p i r a t i o n , however, the values 

of As (changes i n s o i l moisture content) and A ( ? ( changes m groundwater 

l e v e l ) may approach zero and, t h e r e f o i e , a c t u a l e v a p o t r a n s p i r a t i o n would 

be equal t o the d i f f e r e n c e between p r e c i p i t a t i o n and r u n o f f Reports 

of some wacer balance studies have been given by Imeson et a l (1972) 

and Pegg et a l (1972). 

E s t i m a t i o n of a c t u a l e v a p o t r a n s p i r a t i o n 

Measurement of a c t u a l e v a p o t r a n s p i r a l i o n by lysi m e t e r s i s expensive 

and r a t h e r d i f f i c u l t The values of a c t u a l e v a p o t r a n s p i r a t i o n obtained 

are v a l i d only f o r the combination of s o i l and pla n t f o r which the mea

surement i s made Therefore, t o avoid the d i f f i c u l t y and high expense 

of measuring a c t u ^ l e v a p o t i a n s p i r a t i o n by l y s i m e t e r s , several e s t i m a t i o n 

methods have been suggested 

Thornthwaite and Mathei (1955) suggested t h a t a c t u a l evapotranspir

a t i o n drops below p o t e n t i a l as soon as the water content of the s o i l 

drops below f i e l d capacity At any time the value of a c t u a l evapotrans

p i r a t i o n i s determined by the product of p o t e n t i a l e v a p o t r a n s p i r a t i o n 

and the r a t i o of curr e n t moisture content t o t h a t a t f i e l d c a pacity 

Vcihme/er and Hendrickson (1955) r e p o r t e d the r e s u l t s of t h e i r work 

w i t h small peach trees grown i n tanKs They found t h a t a c t u a l evapo

t r a n s p i r a t i o n was the same f o r peaches grown i n tanks neai f i e l d capacity 

as those near w i l t i n g point Their conclusion was t h a t actual evapo-

l ranspn. a t i o n i s cne same as pocennrtl j u s t above jjeirirancut w i l t i n g p o i n t 
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Penman (1949) suggested a method which was based on a composite 
d r y i n g curve f o r saturated and non-saturated c o n d i t i o n s This curve was 
derived i n the l a b o r a t o r y by ap p l y i n g d r y i n g p o t e n t i a l s t o bare s o i l 
i n i t i a l l y at f i e l d c a p a c i t y . This d r y i n g curve compared the evaporation 
r a t e from bare s o i l wiuh t h a t from open water exposed t o the same con
d i t i o n s , and since the curve was the same f o r both saady and c l a y s o i l s , 
he assumed t h a t i t could s a f e l y be used f o r a range of dry s o i l s . This 
curve shows t h a t as the s o i l moisture i s depleted due t o evapotranspir-
a t i o n , a c t u a l e v a p o t r a n s p i r a t i o n remains the same as p o t e n t i a l up t o a 
p o i n t , the abssisa of which i s equal t o a value c a l l e d the r o o t constant. 

The r o o t constant i s defined as the amount of water r e a d i l y a v a i l a b l e 

f o r a p l a n t t o draw on w i t h i n i t s r o o t zone w i t h o u t needing t o depend 

on supplies below the r o o t i n g depth and w i t h o u t any l i m i t a t i o n t o the 

t r a n s p i r a t i o n r a t e caused by water shortage The s p e c i f i c a t i o n of the 

r o o t constant i s somewhat of a guess as mentioned by Penman (1949) and 

depends on s o i l and crop c o n d i t i o n s and management He assumed a value 

of 75 mm f o r t u r f and 200 mm f o r deep rooted p l a n t s 

Fig.27 also shows t h a t as s o i l moisture d e p l e t i o n i s continued 

beyond the r o o t constant f o r another 25 mm, a c t u a l Et remains almost the 

same as p o t e n t i a l Et Penman assumed t h a t t h i s e x t r a amount of moisture 

would be supplied from depths below the r o o t zone A f t e r t h a t p o i n t there 

would be a sharp drop m the r a t i o Eta/Etp which then g r a d u a l l y becomes 

constant at a f i g u r e of 1/12 

This method of Penman has been adopted by the M e t e o r o l o g i c a l O f f i c e 

(Gr 1 ^ ^ , 1 9 6 7 , 1970) f o r e s t i m a t i o n of s o i l moisture d e f i c i t , which i s 

then used as a form of warning t o the r i v e r a u t h o r i t y S o i l moisture 

d e f i c i e n c y data are valuable because they i n d i c a t e when s o i l moisture i s 

approaching f i e l d capacity Under such c o n d i t i o n s appreciable amount', 

of r u n o f f can be expected t o be produced by a given r a i n f a l l Table 21 

represents the t y p i c a l values of p o t e n t i a l and a c t u a l ev a p o t r a ' i s p j r a t i o n 

f o r a r o o t constant of 75 mm. 
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F i g 27 COMPOSITE DRYING CURVE FOR SATURATED 
AND PJCN SATURATED CONDITIONS 
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Table 21 T y p i c a l values of p o t e n t i a l and a c t u a l 
e^'apotranspiration f o r a r o o t constant of 
75 mm used i n the Penman model ( A f t e r 
Gnndley,1970) 

P o t e n t i a l 
E v a p o t r a n s p i r a t i o n 
(mm) 

75 100 125 150 175 200 225 250 

Actu a l 
E v a p o t r a n s p i r a t i o n 
(mm) 

75 99 109 113 115 117 119 121 



CHAPTER FOUR 

EVAPOTRANSPIRATION - METHODS OF MEASUREMENT IN THE BROWNEY BASIN 

To measure e v a p o t r a n s p i r a t i o n i n the Browney basin, a l l the various 

methods discussed i n the preceding s e c t i o n were considered. However, 

the approaches adopted i n v o l v e d the use of evapotranspirometers, the 

Penman and Thornthwaite formulae f o r measuring or e s t i m a t i n g p o t e n t i a l 

e v a p o t r a n s p i r a t i o n , and the catchment water balance, l y s i m e t e r s , and 

the Penman d r y i n g curve method f o r measuring or e s t i m a t i n g a c t u a l eva

p o t r a n s p i r a t i o n The choice of these methods was based on t h e i r r e 

l a t i v e accuracy, expense and p r a c t i c a l i t y The s p e c i f i c d e t a i l s of the 

methods and the procedures f o l l o w e d are explained i n the f o l l o w i n g para-

£1 etpilS 

1. P o t e n t i a l E v a p o t r a n s p i r a t i o n 

(a) Evapotranspirometers This instrument was used t o measure p o t e n t i a l 

e v a p o t r a n s p i r a t i o n The choice of t h i s method r e l a t i v e t o evaporation 

pans was based on the lower cost of the evapotranspirometers The eva-

potranspirometer's set up and the technique adopted wss s i m i l a r t o t h a t 

described and used by Green (1957) and Ward (]"C3, 1967) F i g 28 shows 

the c o n s t r u c t i o n a l d e t a i l s o f the instrument I t c o n s i s t s of three 

w a t e r - t i g h t o i l drums, two of which are f i l l e d w i t h s o i l c o n t a i n i n g a 

small amount of gravel (15 cm) at the base to a s s i s t f r e e drainage. 

The t h i r d tank houses the receptacles which c o l l e c t the excess water 

f l o w i n g through the o u t l e t pipes attached to the bottom of the s o i l tanks 

A p a i r of evapotranspirometers vd-S set up at the Durham Obser

v a t o r y The choice of Durham Observatory f o r the e v a p o t r a n s p i r a t i o n 

measurement was because i t housed the m e t e o r o l o g i c a l instruments whose 

records were to be used i n the Penman and Thornthwaite formulae I n 

a d d i t i o n Durham Observatory was e a s i l y accessible f o r d a i l y readings 

and management 
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The ObservaLory i s s i t u a t e d on a s l i g h t h i l l , at a height of 102 m 
above O.D The s i t e i s open and w e l l exposed The l o c a t i o n of the s i t e 
i s given by the f o l l o w i n g co-ordinates N a t i o n a l Grid Reference 
NZ 267 415, l a t i t u d e 54° 46" 06" N and l o n g i t u d e 01° 35' 05"W 

The instruments are located on the lawn i n f r o n t of the south 

e l e v a t i o n of the Observatory Temperature thermometers are exposed i n 

a standard Stevenson screen. P r e c i p i t a t i o n i s measured i n a 5 i n c h 

(127 mm) diameter raingauge A Carap'ell-Stokes Sunshine recorder i s 

s i t e d 10 m above ground l e v e l Wind speed and d i r e c t i o n are mea cured by 

a Dines Pressure Tube Anemograph ( h e i g h t of vane 16 m above ground l e v e l , 

118 6 m above 0 D , e f f e c t i v e height 10 m) 

Preparations f o r the i n s t a l l a t i o n of the tanks s t a r t e d i n l a t e 

December 1972 S o i l l ayers of 10 cm depth were dug o u t , l a b e l l e d and 

covered I n January 1973, the tanks were i n s t a l l e d so t h a t the r i m of 

each tank protruded 5 cm above ground l e v e l i n order to prevent water 

from the surrounding area running i n t o the tanks. A layer of 15 cm of 

gravel was then put at the bottom of tanks t o help i n the drainage of 

excess water and t o prevent the clogging of the drainage pipes by the 

s o i l p a r t i c l e s The s o i l layers were then put i n t o the tanks i n a r e 

verse order t o t h a t d u r i n g d i g g i n g They were compacted one by one so 

t h a t when a l l the layers were replaced, the s o i l i n s i d e the tanks had 

a p r o f i l e s i m i l a r t o t h a t of the adjacent s o i l The surface of the s o i l 

i n each tank was l a t e r covered w i t h t u r f i d e n t i c a l t o t h a t of surround

i n g lawn. 

I n order t o a l l o w f o r the settlement of the s o i l , the tanks were 

f r e q u e n t l y watered d u r i n g the period January t o A p r i l 1973, and the 

a c t u a l c o l l e c t i o n of data was delayed u n t i l the beginning of May 1973. 

From 1st May 1500 cc of water were s p r i n k l e d onto each of the tanks d a i l y 

a t 9 30 a m and at the same time the volume of the percolate from the 



preceding day was measured and recorded These data, supplemented by 

the depth of p r e c i p i t a t i o n from the standard 5 inch (127 mm) raingauge, 

were used t o c a l c u l a t e the d a i l y e v a p o t r a n s p i r a t i o n , 1 e Et » I n p u t -

Output i n which the summation of p r e c i p i t a t i o n and i r r i g a t i o n i s i n p u t 

and excess water i s the output Two values were thus obtained d a i l y 

frcm the two r e p l i c a t e s and they were averaged i n order t o cancel any 

a c c i d e n t a l e r r o r s . 

I t should be mentioned, however, t h a t the d a i l y values thus obtained 

were unadjusted values and owing t o Lhe lack of constancy i n s o i l moisture 

storage and the time l a g i n the p e r c o l a t i o n of excess water, e s p e c i a l l y 

f o l l o w i n g heavy r a i n , some c o r r e c t i o n s had t o be a p p l i e d . The c o r r e c t i o n 

method i s discussed i n the f o l l o w i n g paragraphs 

Green (1959) mentioned t h a t about 90 per cent of a l l the excess 

water percolates m the f i r s t 24 hours and a f t e r 72 hours the amount 

s t i l l t o d r a m i s n e g l i g i b l e Since t h i s time l a g e f f e c t of excess water 

could a f f e c t the weekly, 10-day and even monthly values, Green (1959) 

suggested a smooth curve method f o r adjustment of such e r r o r s 

This consisted of p l o t t i n g the cumulative curve of d a i l y evapo-

t r a n s p i r a t i o n f o r one period and drawing a smooth l i n e which passes below 

the peaks i n the cumulative graph which are caused by excessive pre

c i p i t a t i o n This method enables assessment of weekly, t en day and monthly 

t o t a l s t o be made and, t h e r e f o r e , i t has been a p p l i e d i n t h i s study. 

This technique has not been a p p l i e d during long periods of dry 

weather I n these circumstances, the day t o day v a r i a t i o n s of evapo-

t r a n s p i r a t i o n could be i n d i c a t e d from the d a i l y measurements discussed 

e a r l i e r . 

The measurement of e v a p o t r a n s p i r a t i o n which had s t a r t e d on 1st May, 

was discontinued i n e a r l y October. The main reason f o r the d i s c o n t i n u a 

t i o n of the measurements ;as the appearance of a t i n y hole at the bottom 

of the middle drum which housed the c o l l e c t i n g cans As the groundwater 
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l e v e l was being r a i s e d by frequent r a i n , water was f i n d i n g i t s way through 
the hole and causing the containers t o f l o a t For sometime t h i s excess 
water, when i t was a couple of cms, was emptied d a i l y Several attempts 
were made to seal the tank t o prevent water e n t r y , but a l l were i n v a i n 

The measurement c f ev a p o t r a n s p i r a t i o n was also c a r r i e d out by a 

second set of evapotranspirometers, which were i n s t a l l e d close to the 

western end of the catchment at an e l e v a t i o n of 1100 f t (333 4 m) i n 

order t o evaluate the v a r i a t i o n of e v a p o t r a n s p i r a t i o n over the catchment 

area and over an e l e v a t i o n range of about 800 f t (242 7 m) 

Several l o c a t i o n s w i t h i n the catchment were considered w i t h a view 

of f i n d i n g an open and w e l l exposed s i t e f o r t h i s second set of evapo-

transpiromecers I t was also important t o f i n d a volunteer obseiver who 

would accept the r e s p o n s i b i l i t y f o r t a k i n g the d a i l y measurements 

Eve n t u a l l y a s u i t a b l e l o c a t i o n was found at the Treatment Works of the 

Durham County Water Board at Honey H i l l ( N a t i o n a l Grid Reference 

052 4b8 ) 

The management of the Water Board allowed the i n s t a l l a t i o n of the 

tanks and arranged f o r the d a i l y ( e x c l u d i n g the Saturday and Sunday) 

measurements of e v a p o t r a n s p i r a t i o n f o r a period of one year During 

t h i s period frequent v i s i t s were made by the author t o check the accuracy 

of the measurements 

The establishment of the evapotranspirometers at Honey H i l l was 

completed i n May 1973 using a procedure s i m i l a r t o t h a t f o l l o w e d at 

Durham Observatory The measurement of p r e c i p i t a t i o n at Honey H i l l wai 

c a r r i e d out by the Water Board as part of i t s d a i l y d u t i e s 

The c o l l e c t i o n of data began on 14th J u l y , 1973 and i t continued 

f o r one year w i t h measurements ending on 13th J u l y 1974 C o n t i n u i t y i n 

the measurement of p o t e n t i a l e v a p o t r a n s p i r a t i o n d u r i n g 24th t o 30th 

November and 8th to 14th December,1973 was broken The lack of measure 

ment during tnese :wo periods was due to fi.eezin£ c o n d i t i o n ^ i n the f j . c l J 
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Therefore, e v a p o t r a n s p n a t i o n f o r these two periods was estimated by 
e x t r a p o l a t i o n of the cumulative p o t e n t i a l e v a p o t r a n s p i r a t i o n curve 

During the measurement p e r i o d , frequent c u t t i n g s of the grass i n 

the evapotranspirometers at both l o c a t i o n s were made t o ma i n t a i n the 

height at about 4 cm i n length 

(b) E m p i r i c a l formulae of Penman and Thornthwaite P o t e n t i a l evaporation 

was also c a l c u l a t e d by both the Penman and the Thornthwaite formulae. 

For the Penman formula, the c a l c u l a t i o n was f a c i l i t a t e d by the a p p l i c a t i o n 

of a computer program, supplied by the I n s t i t u t e of Hydrology, which 

uses the d a i l y values of temperature (maximum, minimum, dry and wet 

b u l b ) , run of wind and r a d i a t i o n data ( e i t h e r of sol a r r a d i a t i o n , net 

r a d i a t i o n or hours of sunshine) as i n p u t and produces d a i l y values of 

Penman EO and Et w i t h e m p i r i c a l wind f u n c t i o n s [ i . e . f ( u ) = 0 35 

(1+ ^ ) or f ( u ) = 0.35 (0 5+ ) ] as output The formats of a 

t y p i c a l lead card, c o n t r o l card and data card employed Cor running the 

pLOgram are shown i n F i g 29 The program has thus been used t o deter

mine d a i l y values of evaporation and e v a p o t r a n s p i r a t i o n over a perio d of 

ten years . 

To c a l c u l a t e p o t e n t i a l e v a p o t r a n s p i r a t i o n by the Thornthwaite 

formula, a simple program was w r i t t e n by the author t o c a l c u l a t e the 

monthly p o t e n t i a l e v a p o t r a n s p i r a t i o n over the same ten year period The 

values thus obtained had to be adjusted by a c o r r e c t i o n f a c t o r f o r day 

and month l e n g t h The appr o p r i a t e c o r r e c t i o n f a c t o r was based on the 

formula 
, , ^ J N n r . / l ^ J \ (h d A V length) (N month length) PE ( a d j u s t e d ) - PE (unadjusted) ^ — = — . 

I n view of the f a c t t h a t the e s t i m a t i o n of e v a p o t r a n s p i r a t i o n by 

the use of mean tenperature methods, which includes t h a t of Thornthwaite, 

i s not r e l i a b l e over periods shorter than one month ( P e l t o n et al,1960 

and Tannei ,19b7), no attempt vas made to deteiunne the weekly or ten 

ci*y period values by t h i s formula The oniy shorL period study or eva-
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D e s c r i p t i o n of the Cards 
i n F i g 29 

Card 1 (one for each month) Lead card 

( a ) Columns 61 and 62 always 93 
(b) Column 74 i s having the catchment number 
( c ) Columns 77-80 bear the month and year number 

Card 2 (one for each month"1 C o n t r o l c a r d 

( a ) Catchment a r e a i n h e c t a r e s to one decimal p l a c e 
i n columns 1-10 

(b) L a t i t u d e i n degrees (+=N, -=S) to one decimal p l a c e 
i n columns 11-16 

( c ) A l t i t u d e i n metres, columns 17-21 
(d) Albedo normally 25 over g r a s s l a n d , columns 41-45 
( e ) Temperature index, 2=degrecs c, columns 46-47 
( f ) Wind index, 3=knots columns 48-50 
(g) Height of anemometer i n metres, columns 51-54 
(h) Sun index, l=hours, columns 55-56 
( l ) T o t a l r a d i o t i o n index, 0=no ddta, columns 57-58 
( j ) Net r a d i a t i o n index, 0=no data, columns 59-60 
( k ) Data type, always 3, column 62 
(1 ) S o j r c e index, l=manual s t a t i o n , columns 63-64 
(m) Number of s o u r c e s , 1 f o r manual s t a t i o n , columns65-66 
(n) Input frequency, 1 f o r wet and dry at 9 00 hours only, 

columns 67-68 
(o ) Output frequency, 8 f o r manual s t a t i o n , columns 69-70 
(p) Catchment number, columns 72-74 
(q) Number of days i n month, columns 75-76 
( r ) Month and year columns 77-80 

Card 3 Data card ( f o r each day of the month) 
( a ) Maximum temperature columns 1-6 
(b) Minimum temperature, columns 7-12 
( c ) Morning dry, columns 13-18 
(d) M iming wet, columns 19-24 
( e ) Wind run, columns 25-30 
( f ) Sunshine, columns 31-36 
(g) DaLa tyDe, 3, column 62 

Could be n e g a t i v e 
v a l u e s to one 
decimal p l a c e . 
No decimal p l a c e s . 
To one decimal p l a c e 



( h ) Source index, 1 columns 53-64 
(1) Number of sources 1 columns 65-66 
( j ) Catchment number, columns 72-74 
( k ) Day of montu, columns 75-76 
( 1 ) Month and year, columns 77-80 
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p o t r a n s p i r a t i o n was t h a t of the evapotranspirometers compared with d i f f e r e n t 

e s t i m a t e s of Penman 

2 A c t u a l e v a p o t r a n s p i r a t i o n 

( a ) Catchment water balance method To determine the v a l u e s of eva

p o t r a n s p i r a t i o n by the catchment water balance method, the monthly v a l u e s 

of average r a i n f a l l over the catchment and r u n o f f from i t for the p e r i o d 

October 1963 to September 1973 were co n s i d e r e d The average r a i n f a l l 

over the catchment was based on the T h i e s s e n method, u s i n g the data from 

the a v a i l a b l e raingauges There were seven raingauges a v a i l a b l e during 

the period 1968 to 1973 and four raingauges during the period 1963 to 

1968 The a v a i l a b l e raingauges during 1963 to 1968 were those a t Durham 

( N a t i o n a l G r i d R e f e r e n c e 267 415), Waterhouses ( N a t i o n a l G r i d Reference 

189 412^1. S a t l e y ( N a t i o n a l G r i d Reference 117 437) and Waskerley 

( N a t i o n a l G r i d R e f e r e n c e 022 444). 

The r u n o f f data used were obtained by d i v i d i n g the monthly d i s c h a r g e 

by the a r e a of the catchment. The groundwater a r e a and topographic a r e a 

were assumed to be c o i n c i d e n t 

The e f f e c t of mine water pumped i n t o the r i v e r was not c o n s i d e r e d 

T h i s vas because the data of d i s c h a r g e of mine water i n t o the r i v e r was 

only a v a i l a b l e f o r the year 1973 The t o t a l d i s c h a r g e of mine water 

for t h i s year was about 13 6 mm or about 4 4 per cent of the mean y e a r l y 

v a l u e . 

I n a p p l y i n g the water balance equation, i t was assumed t h a t the 

Browney catchment i s water t i g h t and t h a t no leakage of moisture occurs 

from i t to the a d j a c e n t b a s i n s or v i c e v e r s a 

(b) L y s i m e t e r s The b t s t method f o r measurement of a c t u a l evapotrans

p i r a t i o n i s by a weighing ly&imeter v i t h a l a r g e volume of s o i l to 

minimize the r e s t r i c t i o n of plant r o o t s and to reproduce s o i l s u c t i o n 

A l t e r n a t i v e l y a neutron probe could be used to measure changes i n the 

o o i i moisture - c i t e n t over shoi t m c c r v a l T However both of these methods 



103. 

a r e c o s t l y and attempts to borrow a neutron probe were not s u c c e s s f u l 

T h e r e f o r e , i t was decided to use simple h y d r a u l i c l y s i m e l e r s suggested 

by Winter (1963) f o r point measurement of a c t u a l e v a p o t r a n s p i r a t i o n . 

These l y s i m e t e r s were developed at the N a t i o n a l Vegetable Research S t a t i o n 

a t Wellesbourne and hao been recommended by Winter (1963), ( 1 9 6 6 ) , Ward 

(19 6 7 ) , and Pegg (1970) 

These l y s i m e t e r s s u f f e r the disadvantage of not c o n t a i n i n g l a r g e 

volumes of s o i l and not reproducing the a c t u a l s o i l - p l a n t - w a t e r con

d i t i o n s i n the f i e l d However i t was thought, that i f the r e s u l t s of 

the i n i t i a l t e s t i n g of the l y s i m e t e r s were promising, then l y s i m e t e r s 

could be employed to study the e f f e c t s of d i f f e r e n t s o i l moisture con

t e n t s on a c t u a l e v a p o t r a n s p i r a t i o n 

The c o n s t r u c t i o n a l d e t a i l s of the simple h y d r a u l i c l y s i m e t e r a r e 

shown i n Fig.30 A polythene bin 42 cm deep and 38 cm i n diameter i s 

used as the c o n t a i n e r for the s o i l and p l a n t The " p l a s t i c bag" on which 

the s o i l c o n t a i n e r r e s t s c o n s i s t s of an inner tube for a motor scooter 

type ( '350-8' I e 13 i n c h e s (32 5 cm) o u t s i d e diameter and 7 i n c h e s 

(17 5 cm) i n s i d e diameter The manometer c o n s i s t s of a length of 0 13 

inches ( 3 3 mm) - g l a s s tubing with a p r e s s u r e ^cad of 20 inches (51 cm) 

of water above the c o n t a i n e r . The manometer d e f l e c t i o n i s approximately 

1.5 times the corresponding a d d i t i o n or l o s s of water to or from the whole 

s o i l s u r f a c e of the l y s i m e t e r , ( e . g . water a d d i t i o n or l o s s of 10 mm on 

the l y s i m e t e r produces a d e f l e c t i o n of 15 mm). The c a l i b r a t i o n i s not 

p r e c i s e l y l i n e a r , because d i s t o r t i o n of the i n n e r tube c r o s s - s e c t i o n vii_h 

i n c r e a s i n g s o i l c o n t a i n e r weight might cause a change i n the c o n t a c t a r e a 

between the tube and the c o n t a i n e r bottom 

For the i n i t i a l t e s t i n g tvo of these l y s i m e t e r s were c o n s t i u c t e d 

and were i n s t a l l e d i n a r e l a t i v e l y open f i e l d i n the western part of 

Durham Observatory i n p r e v i o u s l y prepaied p i t s The s o i l of the p i t s 

was dug and covered i n 10 cm l a y e r s so t n a t wnen £ii s nig Line L O U L C I J I I U S , 



F i g 3oMon -buoyed Lysimeter 
a Expanded polystyrene b a s e , b Water -
filled motor-scooter inner tube , c Soil 
container (plastic domestic refuse b in) , d 
Pipe for removal of drainage by suction^ 

e Air-vent pipe, f Vert ical nanometer 

A F T E R WINTER 1963 
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the s o i l p r o f i l e would be s i m i l a r to that of the surroundings The s i d e s 
of the p i t s were cemented so that i f the groundwater l e v e l r o s e during 
the p e r i o d of o b s e r v a t i o n , the l y s i m e t e r s would remain undisturbed 

The h e i g h t of the p i t was such that the s o i l s u r f a c e of the con

t a i n e r s when s e t on t h j expanded p o l y s t y r e n e base, was a t the same l e v e l 

as the surrounding s o i l . Before f i l l i n g the c o n t a i n e r with s o i l , a 

l a y e r of pebbles was l a i d a t the bottom and t h i s was then separated from 

the above s o i l p i o f i l e by a l a y e r of c o a r s e g r i t The t h i c k n e s s of the 

pebble and g r i t l a y e r s was about 5 cm These l a y e r s were l a i d to ease 

the sucking of excess water by the vacuum pipe The s u r f a c e s of the 

l y s i m e t e r s were covered w i t h t u r f i d e n t i c a l to t h a t o i surrounding a r e a 

These l y s i m e t c r s were i n s t a l l e d i n l a t e March 1973, but measure

ments did not begin u n t i l 15th May 1973 The measurements were con

tinued u n t i l e a r l y October 1973. During the period of o b s e r v a t i o n and 

t e s t i n g which l a s t e d f o r four and a h a l f months, one of the l y s i m e t e i s 

l o s t i t s balance, leaned a g a i n s t the s i d e of the p i t and i t had to be 

r e - e s t a b l i s h e d T h i s happened on 8th June 1973 T h i s may have r e s u l t e d 

from d i s t o r t i o n of the inner-tube c r o s s - s e c t i o n caused by changes i n the 

weight of s o i l c o n t a i n e r b r i n g i n g about a change i n the c o n t a c t a r e a 

between the tube and the c o n t a i n e r bottom 

On 17th August 1973 the water l e v e l of one of the manometers dropped 

below the s c a l e T h i s was due to continued l o s s of water from the l y s i -

meter due to e v a p o t r a n s p i r a t i o n without adequate replenishment of the 

s o i l moisture by r a i n f a l l to compensate for the l o s s Consequently t h ^ 

l y s i m e t e r c o n t a i n e r was removed, the scooter tube was r e f i l l e d w ith water 

and the c o n t a i n e r was r e s e t 

The l e c o r d i n g of water l e v e l i n the l y s i m e t e r was done d a i l y , except 

for a few days i n September and a couple of days i n other months 

(Appendix ID.) During the whole pei lod the length of grass was ir a i n t a i n c c i 

a t a height, uf C I L U U L 4 (.til 
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( c ) Penman method To determine average v a l u e s of a c t u a l e v a p o t r a n s p i r -
a t i o n over the catchment u s i n g the d r y i n g curve method of Penman, s e v e r a l 
assumptions had to be made. These were that 85 per cent of the c a t c h 
ment was covered by s h o r t rooted v e g e t a t i o n with a r o o t constant of 75 mm, 
10 per cent of the catchment was covered by the deer rooted t r e e s with 
a root constant of 200 mm, and the remaining 5 per cent was taken to be 
r i p a r i a n ( s h a l l o w water t a b l e a r e a s where e v a p o t r a n s p i r a t i o n occurs a t 
p o t e n t i a l r a t e at a l l times) The percentage v a l u e of each zone was 

estimated u s i n g the d i s t r i b u t i o n of land use i n the catchment These 

v a l u e s were then s l i g h t l y modified to r e p r e s e n t the s p a t i a l v a r i a t i o n s 

i n the s o i l moisture h o l d i n g c a p a c i t y of the t h r e e l e v e l s 

Penman (1950) i n h i s study of the water balance of the Stour c a t c h 

ment and G r i n d l e y ( 1 9 6 7 ) i n a p p l y i n g the method fo r the e s t i m a t i o n of 

s o i l moisture d e f i c i t to other catchments adopted v a l u e s of 50, 30 and 

20 to r e p r e s e n t the percentage d i s t r i b u t i o n of s h o r t rooted crops, deep 

rooted crops and the r i p a r i a n zone These v a l u e s , of course, apply to 

lowland catchments, where the s o i l s a i c deep and water t a b l e zones con

s t i t u t e l a r g e r percentages of a r e a 

A t y p i c a l working example of t h i s method i s shown i n Table 22 

Column one r e p r e s e n t s the month of the year I n column ( 2 ) , the T h i e s s e n 

average of monthly r a i n f a l l for the raingauges throughout the catchment 

i s given I n column ( 3 ) the monthly p o t e n t i a l e v a p o t r a n s p i r a t i o n (Penman 

EO2) i s shown The d i f f e r e n c e between r a i n f a l l and e v a p o t r a n s p i r a t i o n 

i s given i n column ( 4 ) . From t h i s column i t i s observed t h a t f o r t h i s 

p a r t i c u l a r year ( 1 9 7 1 ) , moisture d e f i c i e n c y s t a r t s i n May when the poten

t i a l e v a p o t r a n s p i r a t i o n exceeds r a i n f a l l by 45 9 mm T h i s d e f i c i e n c y 

i s f u r t h e r i n c r e a s e d to 110 6 mm (column 5) which i s the cumulative 

moisture d e f i c i e n c y i n J u l y I n the f o l l o w i n g month par t of t h i s de

f i c i e n c y i s compensated fo r by excess r a i n f a l l (76 1 mm) 

I n S e p t e n i D e r and o c t o D e r , r a i n f a l l i s exceeded by evapoLraubpirdLJ un, 
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and so the moisture d e f i c i e n c y i s i n c r e a s e d by the d i f f e r e n c e Trom 
November, owing to low E t v a l u e s , however, the d e f i c i e n c y i s g r a d u a l l y 
reduced ihe a c t u a l e v a p o t r a n s p i r a t i o n from the zone with a sh a l l o w 
water t a b l e (column 6) i s shown to be the same as p o t e n t i a l evapotrans-
p i r a t i o n . T h i s i s because t h e r e i s u n l i m i t e d supply of moisture a v a i l 
a b l e i n t h i s zone 

For the deep rooted zone, a l s o , the r a t e s of a c t u a l e v a p o t r a n s p i r -

a t i o n and p o t e n t i a l e v a p o t r a n s p i r a t i o r are the same ( T a b l e 22, column 7) 

The e x p l a n a t i o n f o r t h i s o b s e r v a t i o n i s t h a t the cumulative moisture de

f i c i e n c y i s always l e s s than 225 mm. T h i s v a l u e i s the maximum moisture 

d e f i c i e n c y above which a c t u a l E t drops below p o t e n t i a l E t . 

For tV»e zore " i t * 1 s h a l l o w mr»|-pH rrnns thp v a l u e of a c t u a l eva-

p o t i a n s p i r a t i o n drops below p o t e n t i a l only i n J u l y T h i s i s because J u l y 

i s the only month for which the cumulative d e f i c i e n c y i s above the l i m i t 

of r e a d i l y a v a i l a b l e water i n the s o i l r e s e r v o i r For t h i s month the 

cumulative moisture d e f i c i e n c y i s 110 6 mm, w l v l e the t o t a l r e a d i l y a v a i l 

a b l e water for the shallow rooted zone i s 100 mm T h e r e f o r e , a c t u a l evn-

p o t r a r s p i r a t i o n w i l l be 96 7 mm using the Penman dr y i n g curve, as com

pared w i t h 102 7 mm of p o t e n t i a l e v a p o t r a n s p i r a t i o n The a r e a l v a l u e of 

a c t u a l e v a p o t r a n s p i r a t i o n f o r the catchment i s t_he sum of the product 

of the a r e a of each zone times the a c t u a l e v a p o t r a n s p i r a t i o n v a l u e 
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CHAPTER FIVE ' 

EVAPOTRANSPIRATION - RESULTS AND DTSCUSSION 

( a ) Durham Observatory r e s u l t s 

The a d j u s t e d weekly, and monthly v a l u e s of p o t e n t i a l e v a p o t r a n s p i r 

a t i o n from the evapotranspirometers have been obtained through the a p p l i 

c a t i o n of the smooth curve t e c h n i c u e (Green,1957) F i g 31 shows the p l o t 

of cumulative v a l u e s of d a i l y unadjusted p o t e n t i a l e v a p o t r a n s p i r a t i o n and 

the smooth l i n e drawn to bypass the peaks caused by e x c e s s i v e p r e c i p i 

t a t i o n f o r the period of o b s e r v a t i o n at Durham Observatory 

The t o t a l amount of E t measured by the evapotianspirometers f o r the 

peri o d 1st May to 30th September 1973 i s 395 mm, w h i l e the Penman EOp 

FD. and F t va l u e s a r e 410 mm, 387 mm and 32& mm r e s p e c t i v e l y ( T a b l e 23) 

EO^ and EO2 are v a l u e s of p o t e n t i a l evaporation (albedo 0 0 5 ) , the former 

having an aerodynamic term w i t h an e m p i r i c a l f u n c t i o n of wind speed of 
U 2 

^ U g ) = 0.35 (1+ ) , w l i i l f the e m p i r i c a l wind f u n c t i o n of the l a t t e r 
u 2 

i s f C l ^ ) - 0.35 (0 5+ jg-Q- ) E t r e f e r s to p o t e n t i a l e v a p o t r a n s p i r a t i o n 

(albedo of 0 25) wi t h a wind f u n c t i o n s i m i l a r to E0, 
Table 23 Monthly v a l u e s (mm) of measured E t , estimated Penman 

v a l u e s of E t , E 0 i , EO2 sn6 estimated Thornthvd:te E t 
at Durham Observatory during the year 1973 

Month 

Measured L t 
( e v a p o t i a n s -
p i rometers) 

E s t i m a t e d 

Month 

Measured L t 
( e v a p o t i a n s -
p i rometers) Penman Thornthwaite Month 

Measured L t 
( e v a p o t i a n s -
p i rometers) 

Et E 0 L E 0 2 

Thornthwaite 

May 82 0 70 5 88 2 83 7 71 8 
June 86 0 76 1 96 7 92.6 94 2 
J u l y 96 0 68 1 86 3 81.4 111 3 
A u g j s t 83 0 68 5 86 5 81 2 97 3 
September 48 0 40 3 51 9 48 3 69 0 

395 0 323 5 409 6 387 2 443 6 

These r e s u l t s show thai, measured E t at Durham Observatory exceeds 

Penman E t and Penman EO2 b> 13 per cent and 2 per cent r e s p e c t i v e l y , 

however i t i s l c s char E0- b> 4 per cent I n a si ".1I21 study conpari.-.p 
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measured e v a p o t r a n s p i r a t i o n w i t h Penman E t and EO ( t h e wind f u n c t i o n was 
not mentioned), Pegg et a l (1972) found t h a t measured E t exceeded Penman 
E t by about 13 per cent, w h i l e the Penman EO v a l u e f o r the year was more 
than measured E t by 8 per c e n t . 

The reasons f o r t\ e low v a l u e s of Penman E t could p o s s i b l y be 

a s c r i b e d to the l a c k of measured data of r a d i a t i o n fo 1" use i n the formula. 

Hassan (1973) r e f e r s to the r e s u l t s of a comparative study of computed 

and measured e v a p o t r a n s p i r a t i o n for a ten year p e r i o d a t one s t a t i o n i n 

s o uth-east England I n t h i s study, i t was found t h a t e s t i m a t e s made 

w i t h measured r a d i a t i o n v e r e 10 per cent to 15 per cent higher than those 

made wi t h t h e o r e t i c a l r a d i a t i o n 

R e f e r r i n g to Table 23 and F i g 32 for comparison of the i n d i v i d u a l 

monthly v a l u e s , i t i s observed that the h i g h e s t monthly measured v a l u e 

does not c o i n c i d e w i t h the h i g h e s t Penman e s t i m a t e s Measured E t i s 

h i g h e s t during J u l y (96 mm), w h i l e t h a t of E0^, the h i g h e s t " a l u e of the 

Penman estim a t e s i s 86 mm i n t h i s month On the other hand, the estimated 

Penman v a l u e s are. h i g h e s t during June (EC^ = 97 mm, EO2 = 93 mm and E l 

i s 76 mm) The corresponding measured E t for t h i s month i s 86 mm 

S e v e r a l f a c t o r s might e x p l a i n the l a c k of crincidence of h i g h e s t 

monthly v a l u e s of measured E t and Penman v a l u e s The most important 

f a c t o r , however, i s the n e g l e c t of s o i l heat s t o r a g e i n the Penman formula. 

During June, when the monthly Penman es t i m a t e s ha^'c t h e i r maximum 

v a l u e s , some of the net energy r e c e i v e d could have been used for h e a t i n g 

the s o i l However, s i n c e the storage of heat i s n e g l e c t e d by the Pennon 

formula, the net energy a v a i l a b l e i s used as heat of v a p o r i s a t i o n and 

fo r n e a t i n g the a i r Thus e v a p o t r a n s p i r a t i o n w i l l be o " e i - e c t i m a t e d 

The e f f e c t of the n e g l e c t of s o i l heat upon evapotran&piration 

e s t i m a t e s by the Penman formula was s t u d i e d by Edwards(1970) I n com

pa r i n g s o i l moisture changes determined by the neutron s c a t t e r i n g method 

t inu L ' I C rtumiau j . u j . L i u . i . k i , Lie j L U U U L i i a L i, ue L C L U I U L I L - V C . J C I 0 u c. 



112. 

H-JLL ILIJljJLIJ 
05 

c 
O 
JZ 

d) CD Q; d> 
=; ns ca ro 
in E E £ 
<y i/i in i/) 
^LLlLdLU 

n o <s -

o a 

L 
o 
CVJ 

o 
o 

O 
00 

_ _ L 
O 
CO 

O 

U) 

C 

o 
LLl 
c 
TJ 
E 
C 
<D 
Q_ 

Ld 

"O 
<D {_ 
13 
tn 
(L> 

E 
H— 

o 
to 

<u 
> 

o 
CM 

IJL 

nJ 

UJ 

-M 

JZ 

-t-> 

o 
T3 
C 
CO 
+-> 
UJ 

TJ 
c 

SZ LU 

§ S 
2 « 
eg 

C\J 

o 
L. 
QL 

c 
{_ 
T3 

O .*-• 
> 
{_ 
<D 
(0 
n 
O 

sz 

Q. 

I/) 

O 

2 

U J U J *-



113 

was above t h a t measured by moisture meter by 40 mm. T h i s s i z e of e r r o r , 
he mentioned, could not have a r i s e n from other p o s s i b l e sources of e r r o r s 
i n the measurement of s o i l moisture, and thus he thought that the heat 
budget of the evaporation formula was i n e r r o r . Using s o i l and e a r t h 
thermometers, he obtained an approximation of the heat s t o r a g e and then 
he found good agreement between c a l c u l a t e d and measured e v a p o t r a n s p i r 
a t i o n . 

The high v a l u e of measured E t during J u l y i s e x p l a i n e d by the l a c k 

of measured data during 17th, 18th and 3 9th J u l y . As a r e s u l t of high 

r a i n f a l l (33 7 mm) on 16th J u l y , the water t a b l e l e v e l was r a i s e d and 

upward movement of water thiough the t i n y h o l e i n the bottom of the middle 

tank prevented any measurement being made f o r the th r e e f o l l o w i n g days 

of 17th, 18th and 19th J u l y T h e r e f o r e , the measured evapo t r a n s p i r a t i o r -

during t h i s p e r i o d was obtained by e x t r a p o l a t i n g the cumulative evapo

t r a n s p i r a t i o n curve T h i s procedure has a p p a r e n t l y r e s u l t e d m an over-

e s t i m a t i o n of the t o t a l for the week ending 23rd J u l y l e. e s t i m a t i o n 

of measured E t i s 22 mm as compared w i t h 15 mm, 14 mm and 12 mm f o r the 

v a l u e s of Penman E0^ s EC^ and Et r e s p e c t i v e l y T h i s , t h e r e f o r e , e x p l a i n s 

the high v a l u e of measured E t during J u l y . 

During September, measured E t and the Penman es t i m a t e s of E t , EO^ 

and EO^ r e a c h t h e i r lowest v a l u e s For each of the f i v e months, measured 

E t exceeds Penman E t , but i s l e s s than Penman EO^ (except i n J u l y , when 

the measured v a l u e i s higher than the Penman EO^) 

The t o t a l v a l u e of Thornthwaite e v a p o t r a n s p i r a t i o n during t h i s p e r i o d 

exceeds the measured E t by some 12 3 per cent I t i s a l s o higher than 

the estimated v a l u e of Penman EO^ by 8.3 per c e n t . T h o r r t h w a i t e monthly 

E t exceeds me?sured E t during June, J u l y , August and September, but i s 

l e s s during May I t a l s o has monthly v a l u e s l e s s than the measured EO^ 

during May ana June, bat i t exceeds Penman EO^ during J u l y , August and 

September 
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Weekly t o t a l s f o r measured E t and the Penman es t i m a t e s a r e p l o t t e d 
i n F i g 33. From a comparison of these data, the f o l l o w i n g c o n c l u s i o n s 
a r e drawn 

1 Measured E t i s higher tnan Penman E t i n 17 out of 22 weeks. T o t a l s 

of estimated E t f o r the weeks ending 28th May and 3rd September exceed 

the measured v a l u e s by 1 and 2 mm r e s p e c t i v e l y For the remaining 3 

weeks the v a l u e s a r e equal 

2, Measured E t i s higher than Penman EC^ m 11 weeks, lower i n 8 weeks 

and they a r e almost equal during the remaining 3 weeks 

3 Measured E t i s higher than Penman EO-̂  i n 9 weeks and lower i n 11 

weeks, being approximately equal i n the remaining 2 weeks. 

4 The curves of weekly v a l u e s of measured and estimated E t have maximum 

divergence f o r the week ending 23rd J u l y The reason, as ex p l a i n e d 

e a r l i e r i s due to l a c k of measured data on 17th, 18th and 19th J u l y 

5. The week of 12th to 18th June has the maximum average d a i l y E t of 

3 7 mm d e r i v e d from the evapotranspirometers, whereas that f o r Penman 

E0^> EO2 and E t i s 4.3 mm, 4 1 mm and 3 4 vm r e s p e c t i v e l y . 

The s c a t t e r diagrams of seven day t o t a l s of measured E t v e r s u s 

estimated Penman v a l u e s a r e shown i n F i g 34 The c o r r e l a t i o n c o e f f i c i e n t s 

between measured and estimated Penman v a l u e s a r e the same to two s i g n 

i f i c a n t f i g u r e s 1 e 0 80 

For the monthly v a l u e s the c o r r e l a t i o n c o e f f i c i e n t s between the 

measuied E t and Penman estimated v a l u e s a r e shown to be the same (0 90), 

w h i l e that of Thor-thwaite's estimated v a i u e f o r E t i s lower e g. 0 77. 

Thus i t i s shown that the Penman v a l u e s a r e i i o r e c l o s e l y c o r r e l a t e d with 

measured Et than those of the I h o r n t h w a i t e formula 
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Table 24 C o r r e l a t i o n c o e f f i c i e n t s between measured Et and 
estimated Penman and Thornthwaite values at 
Durham Observatory 

Weekly t o t a l s Monthly t o t a l s 

Measured Et versus Penman Et 0 80 0 90 
Measured Et versus Penman EO^ 0 80 0 90 
Measured Et versus Penman EO2 0.80 0 90 
Measured Et versus Thornthwaite Et - 0 77 

(b) Honey H i l l resulLs 

The t o t a l pot e n t i a l evapotranspiraLion measured at Honey H i l l by 

the p a i r of evapotranspirometers from 14th J u l y , 1973 t i l l 13th J u l y , 

1974 i s 624 mm The corresponding values f o r the Penman estimates of 

EO^ E 0 2 , Et and Thornthwaite Et are 58? mm, 544 n.ra, 467 mm and 622 mm 

L £ S p c C i - l V c l / T h c S c c S L j - u i a L c S t i e C d l i - u l a u e J hy uS i - t ig , m t L t U L u l u g j (_dl 

data at Durham ObservaLory The r e s u l t s thus show t h a t measured Et at 

Honey H i l l exceeds Penman EO-̂  by about 7 pei cent, EO2 by 13 per cent and 

Et by 25 per cent and i s s l i g h t l y above the Thornthwaite estimate. Con

s i d e r i n g the seaconal values (Table 25), \t i s observed t h a t measured 

e v a p o t r a n s p i r a t i o n at Honey H i l l d u r i n g w i n t e r ( 1 s t September t o 28th 

February) i s 151 .mi or 24 per cent of the y e a r l y measured value, w h i l e 

measured Et during summer (March - August) i s 473 mm or 76 per cent of 

the t o t a l Et Penman evaporation and e v a p o t r a n s p i r a t i o n values f o r winLer 

are 21 t o 22 per cent of the t o t a l , and so those of summer are 79 t o 78 

per cent r e s p e c t i v e l y ThornthwaiLe v a l u e s f o r w i n t e r and summer are also 

180.4 mm (29 per cent) and 442.1 mm (71 per cent) r e s p e c t i v e l y 
Table 25 Seasonal values of measuj.3d and estimated 

e v a p o t r a n s p i r a t i o n at Honey H i l l (mm) 

Measured 
Estimated 

Measured Measured Penman Thornthwaite 
E0^ E0 2 EL 

Winter (Sept, Oct, Nov 95 87 8 80 0 68 7 129 6 
(Dec, Jan, Feb 56 39 8 _35_1 34 4 50 8 

151 127 iy 115 1 103 1 180.4 

Summei (Mar, A p r i l , May 182 174 8 164 4 137 9 141 4 
(June, J u l y , Aug 291 ?81 .4 264 5 226 2 300 7 

473 456.2 42S 9 364 1 n42 1 
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Comparing the seasonal values of measured Et and Penman EO^, i t i s 

concluded t h a t measured Et dur i n g w i n t e r exceeds t h a t of Penman EÔ  by 

15 5 per cent w h i l e during the summer the excess amount i s 3.5 per cent. 

D i v i d i n g the year i n t o four seasons of autumn, w i n t e r , s p r i n g and 

summer (Table 25), i t i s shown t h a t measured e v a p o t r a n s p i r a t i o n d u r i n g 

autumn i s 15 per cent of the y e a r l y value, t h a t of w i n t e r i s 9 per cent, 

t h a t of s p r i n g i s 29 per cent and t h a t of summer i s 47 per cent of the 

t o t a l f o r the year 

For the Penman EO^, the t o t a l evaporation d u r i n g autumn, w i n t e r , 

s p r i n g and summer i s 15, 7, 30 and 48 per cent of the y e a r l y value 

r e s p e c t i v e l y . These f i g u r e s show very c l e a r l y t h a t e v a p o t r a n s p i r a t i o n 

d u r i n g the Lhree summer monLhs makes up less than h a l f of the y e a r l y 

t o t a l 

Comparing the measured Et and estimated E0^ values, i t i s con

cluded t h a t the t o t a l measured e v a p o t r a n s p i r a t i o n d u r i n g autumn, w i n t e r , 

s p r i n g and summer exceeds t h a t of the Penman EO-̂  value by 7 5, 29, 4 and 

3 per cent r e s p e c t i v e l y . Measured Et during each of the four seasons of 

autumn, w i n t e r , s p r i n g and summer exceeds the Penman EO^ values by 16, 

37, 10 and 9 per cent and i t exceeds Penman Et by 28, 39, 24 and 22 per 

cent r e s p e c t i v e l y These r e s u l t s , t h e r e f o i e , show t h a t Penman estimates 

of evaporation and e v a p o t r a n s p i r a t i o n are too low dur i n g the wi n t e r 

season They also confirm work by Robin (1958), ( r e p o r t e d by Smith, 1964d-J, 

who claimed t h a t the Penman formula i s l e a s t v a l i d f o r the wi n t e r part 

of the year when veg e t a t i o n i s dormant 

The Thornthwaite e v a p o t r a n s p i r a t i o n values exceed the measured 

e v a p o t r a n s p i r a t i o n values by 36 per cent d u r i n g autumn and 3 per cent 

d u r i n g summer, however they are lower than the measured Et values by 

9 per cent d u r i n g the wi n t e r and 22 per cent during the s p r i n g . The f a c t 

t h a t the Thornthwaite p o t e n t i a l c v a p o t r a n s p i r a t i o n value i s above 

measured Et by 3o per cent i n autumn and i s lower tuan measured El ay 22 
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per cent i n s p r i n g , shows t h a t the s p r i n g and autumn estimates of eva-
p o t r a n s p i r a t i o n by the Thornthwaite formula could be i n e r r o r . The 
source of e r r o r i s a t t r i b u t e d t o the lag of temperature behind r a d i a t i o n 
which a r i s e s from thermal storage of the s o i l F i g 36 shows the monthly 
values of e v a p o t r a n s p i r a t i o n measured by evapotranspirometers, at Honey 
H i l l and estimated by Penman EO^, EC^ and Et and Thornthwaite Et at 
Durham Observatory. These values are also shown i n Table 26. 

I t i s observed t h a t measured monthly e v a p o t i a n s p i r a t i o n i s greater 

than Penman EO^ f o r nine months, and i s lower d u r i n g May by 7 mm (7 per 

c e n t ) , during June by 4 mm (4 per cent) and during September by 1.9 mm 

(4 per c e n t ) . The divergence between these two curves i s highest during 

December, when measured e v a p o t r a n s p i r a t i o n exceeds EO^ by 10 mm or 54 per 

cent Considering Penman EO2 and Et, the former i s exceeded by the 

measured Et values i n eleven months, being lower i n May by 1 per cent 

w h i l e the l a t t e r i s exceeded by measured Et i n a l l twelve months 

Considering the 10-day t o t a l s ( F i g 37), measured Et i s higher than 

Penman Et i n a l l the 10-day periods except the week ending 19th January 

when measured e v a p o t r a n s p i r a t i o n i s 6 mm. compared w i t h 8.6 mm of e s t i 

mated Et 

The estimated Penman EO2 values are higher than the measured Et 

values during three periods, 1 e. 10th t o 19th January ( 9 . 1 mm E0-, and 

6.0 mm measured E t ) , 2 0 t h t o 29th May (5.4 mm EO2 and 5.0 mm measured 

Et) and 30th June t o 8th J u l y (41 8 mm E0 2 and 38.0 mm measured E t ) . 

The estimated Penman EO^ value i s higher than the measured Et v a l ^ e 

I n ten of these 10-day periods, s i x during the summer and four during 

the w i n t e r ( F i g 37). 

From a study of Table 27, i t i s observed t h a t the measured eva

p o t r a n s p i r a t i o n values and the Penman estimates are h i g h l y c o r r e l a t e d on 

a 10-day basis. The s c a t t e r diagrams of the 10-day t o t a l s of measured Et 

apd the Psnr^s1"* estimates are s'icT7n 1 1 F 1 0 ?S 
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Table 26 Monthly values (mm) of measured Et at Honey H i l l 
and eSLimated Penman values of Et, EO., EO^ and 
Thornthwaite Et at Durham 

Month Measured , 
Estimated Et Penman Thornthwaite 

Et EOj E0 2 Et 

J u l y (14-31) 1973 48.0 36.4 46.7 44 2 64.6 
August 1973 95 0 68.5 86.5 81 2 97.3 
September 1973 50 0 40 3 51.9 48 3 69 0 
October 1973 27 0 13.6 18.9 16 9 41 2 
November 1973 18 0 14.8 17 0 14 8 19 4 
December 1973 18 0 8 0 8.3 7 3 13.9 
January 1974 20.0 15.9 17 6 15.5 17.2 
February 1974 18.0 10.5 13.9 12 3 19 7 
March 1974 38 0 22.4 29 7 27.9 26.5 
A p r i l 1974 48 0 32.2 42 0 39 7 39.1 
May 1974 96.0 83 3 103 1 96.8 75.8 
June 1974 103.0 87 7 107 0 100 4 93.8 
J u l y (1-13) 1974 45.0 33.6 41.2 38 7 45 0 

TOTAL 624 0 467 2 581 8 544 0 622.5 
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Table 27 The c o r r e l a t i o n c o e f f i c i e n t s between measured Et at 
Honey H i l l and estimated Penman and Thornthwaite 
values at Durham Observatory 

10-day t o t a l s Monthly t o t a l s 
Measured Et versus Penman Et 0 97 0 98 
Measured Et versus Penman EÔ  0 97 0.99 
Measured Et versus Penman EO2 0.98 0.99 
Measured Et versus Thornthwaite^ 0.81 

Comparison of the r e s u l t s of the evapotranspirometers at Durham Observatory 

and at Honey H i l l 

The main o b j e c t i v e of s e t t i n g up the two sets of evapotranspiro

meters at Durham and Honey H i l l was to study the v a r i a t i o n of evapo

t r a n s p i r a t i o n over the catchment However care should be taken i n 

making any conclusion from the r e s u l t s This i s explained by the f a c t 

t h a t there are e r r o r s which might have i n f l u e n c e d the r e s u l t s One of 

the main sources of e r r o r i s due t o exposure v a r i a t i o n at the two s i t e s 

o f the measurement. The evapotranspirometer set at Durham has been i n 

s t a l l e d i n s i d e the m e t e o r o l o g i c a l fence close t o the instruments. The 

fence i s bordered on one side by the Observatory b u i l d i n g and on the 

other sides by some t i e e s The evapotranspirometers a t Honey H i l l , on 

the other hand, have been set up at a p o i n t , which i s w e l l exposed and 

surrounded by an open area w i t h o u t any obstacles Thus these v a r i a t i o n s 

a t the s i t e s of measurement could p o s s i b l y have a f f e c t e d the r e s u l t s . 

Edwards(1970) mentions an e r r o r of some 12 per cent i n the mea

surement of evaporation from two i d e n t i c a l sunken evaporation tanks 

exposed on the m e t e o r o l o g i c a l s i t e at W a l l i n g f o r d These two tanks were 

separated by only 30 metres. The explanation which was found t o account 

f o r t h i s d i f f e r e n c e was the e f f e c t i v e lowering of the r i m of the tank 

due t o a s l i g h t surface u n d u l a t i o n . 

With t h i s i n t r o d u c t i o n , the r e s u l t s obtained from these two sets 

of evapotranspirometers are compared R e f e r r i n g t o Tables 23 and 26 i t 

i s observed t h a t the t o t a l e v a p o t r a n s p i r a t i o n d u r i n g August and Septemoer 
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1973 ( t h e period d u r i n g which e v a p o t r a n s p i r a t i o n at Durham and Honey H i l l 
had been measured c o n c u r r e n t l y ) i s 131 mm f o r Durham compared w i t h 145 mm 
f o r Honey H i l l , an increase of about 10 per cent at Honey H i l l . The 
higher e v a p o t r a n s p i r a t i o n r a t e at Honey H i l l compared w i t h Durham could 
a l s o be observed by considering t h a t the Penman E0^ value has been above 
the measured Et value at Durham by 4 per cent but lower Lhan the measured 
Et at Honey H i l l by 7 per cent during the r e s p e c t i v e periods of measure
ments at these s t a t i o n s . 

Thus assuming th a t there are no s i g n i f i c a n t e r r o r s due t o v a r i a t i o n 

i n the exposure of Lhe evapotranspirometers or i n the measurement of 

in p u t and output moisture at the two l o c a t i o n s i t would seem t h a t eva

p o t r a n s p i r a t i o n increases w i t h i n c r e a s i n g h e i g h t . 

The r e s u l t s of s i m i l a r experiments concerned w i t h e v a p o t r a n s p i r a t i o n -

h e i g h t r e l a t i o n s h i p s are re p o r t e d elsewhere and according t o Peck et a l 

(1963), they are i n c o n c l u s i v e F o r t i e r (1907) reported t h a t waLer loss 

from s i x evaporation pans decreased w i t h height t o about 10,000 f e e t 

(3048 m) above which there was l i t t l e change ( L i n s l e y et al>1949) Green 

(1959) i n a study of p o t e n t i a l evaporation during (1955 t o 1957) obtained 

r e s u l t s i n d i c a t i n g a general increase i n evapoLation r a t e w i t h e l e v a t i o n . 

Meyer (1942) found t h a t evaporation from water surfaces i n the mountainous 

areas of the coast ranges of C a l i f o r n i a increased w i t h e l e v a t i o n and t h a t 

evaporation pan data from Los Angeles County i n d i c a t e d a s i m i l a r r e 

l a t i o n s h i p from sea-level t o 4,000 f e e t (1219 m) ( L i n s l e y et al,1949) 

Gri n d l e y (1970) i n an attempt to co n s t r u c t a map showing the d i s L i i b u t J o n 

of average annual evaporation over the B r i L i s h I s l e s used an inverse 

e v a p o t r a n s p i r a t i o n - h e i g h t r e l a t i o n s h i p According t o t h i s r e l a t i o n s h i p , 

t h e r e i s a decrease of 0 35 inches (8 9 mm) i n e v a p o t r a n s p i r a t i o n f o r 

an increase of 100 f e e t (30 5 m) i n e l e v a t i o n . 

These c o n t r a d i c t o r y r e s u l t s of evaporation-height studies can 

p a r t l y be explained by the v a r i a t i o n of meteorological elements w i t h 
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h e i g h t Thus as e l e v a t i o n increases, the temperature decreases ( d r y 
a d i a b a t i c lapse r a t e of 0.54 F /100 f e e t or about 1°C per 100 m), and 
consequently i t is estimated t h a t there w i l l be a decrease i n evaporation 
due t o lowering of temperature w i t h h e i g h t An increase i n e l e v a t i o n 
r e s u l L s i n an increase of r e l a t i v e humidity and t h e r e f o r e evapotrans
p i r a t i o n decreases Atnofapheric pressure also decreases w i t h i n c r e a s i n g 
h e i g h t , t h e r e f o r e , t h t d e n s i t y of water molecules i n the a i r decreases. 
Since the r a t e of e v a p o t r a n s p i r a t i o n depends on the vapour pressure 
g r a d i e n t between the evaporating surface and t h a t of o v e r l y i n g a i r , 
e v a p o t r a n s p i r a t i o n w i l l be expected t o increase w i t h decreasing pressure. 

Another important faccor t h a t could a f f e c t the i n t e r p r e t a t i o n of 

the r e s u l t s i s t h a t of advection. Advection occurs when pre-heated a i r 

from the surrounding area passes over the evapotranspirometcrs, thus, 

due t o a d d i t i o n a l energy, the e v a p o t r a n s p i r a t i o n r a t e increases. The 

e f f e c t of advection under B r i t i s h c l i m a t i c c o n d i t i o n s and a short crop 

cover i s u s u a l l y ignored (Edwards et al,1970)j however tnere are instances 

when the tanks might become over-exposed An extreme case i s t h a t given 

by Green (1957) f o r a l o c a t i o n i n Scotland when p o t e n t i a l evapotranspir

a t i o n during Augu^c 1955 was about 180 mm. This value, however, uas 

adjusted t o 81 mm t o remove the e f f e c t of advection 

I n t h i s study the e f f e c t of advection has been ignored However, 

i t i s q u i t e possible t h a t advection might have a f f e c t e d the r e s u l t s , 

e s p e c i a l l y those at Honey H i l l This i s explained by the b e t t e r exposure 

of the evapotransDiromeCers and the h i g h e r wind v e l o c i t i e s at t h i s 

l o c a t i o n 

Water balance e v a p o t r a n s p i r a t i o n versus Penman and ThornLhwaite estimates 

and measured Et 

The y e a r l y values of measured and estimated e v a p o t r a n s p i r a t i o n and 

evaporation, and the average y e a i ] v value of r a i n f a l l minus r u n o f f ever 

the p e r i o d October 1963 Lo September 1973 are shown i n Taole 28. 
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Table 28 Yearly values of measured and estimated evapotranspir
a t i o n , evaporation and the average y e a r l y value of 
r a i n f a l l minus r u n o f f over the peri o d October 1963 t o 
September 1973 w i t h i n the Browney basin 

R a i n f a l l -
r u n o f f 

(mm) 

Measured Et at 
Honey H i l l 

(mm) 

Penman method 
(mm) 

Thornthwaite meth 
(mm) 

R a i n f a l l -
r u n o f f 

(mm) 

Measured Et at 
Honey H i l l 

(mm) 
E 0 1 E0 2 Et Et 

439.0 624 .0 581 8 544 0 467.2 622.5 

These r e s u l t s show t h a t the measured Et and Thornthwaite EL value 

exceed the water balance Et by 185 mm and 183 5 mm r e s p e c t i v e l y or by 

about 42 per cent The Penman E0^, EO21 and Et values also exceed the 

water balance Et value by 142 8 mm (33 per c e n t ) , 105 mm (24 per cent) 

and 28 mm or 6 4 per cent r e s p e c t i v e l y 

Thus, assuming the Browney Catchment t o be w a t e r - t i g h t and t h a t the 

typographic d i v i d e and groundwater d i v i d e are c o i n c i d e n t , then i t can be 

concluded t h a t there i s some d e f i c i e n c y of moisture w i t h i n the catchment 

This i s because the value of e v a p o t r a n s p i r a t i o n from the water balance 

method which represents a c t u a l e v a p o t r a n s p n a t i o n w i t h i n the catchment 

i s lower than p o t e n t i a l evaporation and e v a p o t r a n s p i r a t i o n values from 

other methods. 

Summary To summarize the r e s u l t s of e v a p o t r a n s p i r a t i o n measurements at 

the two l o c a t i o n s , the f o l l o w i n g statements can be made 

1. E v a p o t r a n s p i r a t i o n w i t h i n the Browney catchment, as measured by two 

p a i r s of ev?potranspirometers, i s greater at the higher e l e v a t i o n The 

higher value of e v a p o t r a n s p i r a t i o n at the higher e l e v a t i o n , however, could 

have been due t o d i f f e r e n c e s i n the exposure of the tanks, o b s e r v a t i o n a l 

e r r o r s or the e f f e c t of advection. 

2 Based upon the data a v a i l a b l e , the Penman E0^ values are assumed t o 

represent the --can e v a p o t r a n s p i r a t i o n over Lhe catchment. This assumption 

* f m?de because tne Penman E0 values a r e r l o < 3 e c t t o t h e mpasvred F t ac 
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Durham Observatory during the period May t o September 1973, closer t o 
the average y e a r l y water balance Et from the catchment (compared w i t h 
Penman EO^ values) and are most h i g h l y c o r r e l a t e d w i t h measured Et at 
Honey H i l l . Whether t h i s assumption i s v a l i d and, t h e r e f o r e , t h a t the 
Penman EO2 values are cl o s e s t t o t r u e a r e a l e v a p o t r a n s p i r a t i o n value, 
i s subject t o question Pegg et a l (1972) mention t h a t , "as w i t h d i s 
cussion of v a r i a t i o n of r a i n catch w i t h d i f f e r e n t types of raingauges, 
there i s no absolute standard against which t o v e r i f y the selected values 
I t i s seldom possible t o say more than t h a t two of the methods agree 
c l o s e l y and are, t h e r e f o r e , more l i k e l y t o be c o r r e c t than the other 
w i d e l y discrepant r e s u l t s , an argument whose i l l o g i c a l i t y needs no 
emphasis" 

Long peri o d study of values of Penman Et and EOp, Thornthwa]te Et 

and water balance Et 

The mean y e a r l y and mean seasonal data o f the Penman Et, Penman 

EO2J ThornLhwaite Et and water balance Et over a 10-year period are 

presented i n Table 29 

Tabic 29 Mean y e a r l y , maximum, minimum and c o e f f i c i e n t of 
v a r i a t i o n of the y e a r l y values of Penman Et and 

vn2> ThornLhwaite Et and water balance Et over a 
10-year period October 1963 t o September 1973 

Method Mean v e a r l v Maximum Minimum C of v a r i a t i o n 
(mm) (mm) (mm) 

Fenman Et 470 5 568 6 344 0 14.52 
Penman EO2 548 9 633 5 442 1 11 02 
Thornthwaite 616.1 632 5 598 5 1 75 
Water-balance 439 0 500.2 369.2 11.43 

R e f e r r i n g t o Table 29 i t i s observed t h a t mean y e a r l y values of 

Penman Et, Penman EO2J Thornthwaite Et and water balance Et have the same 

order of magnitude as those f o r the period 14Lh J u l y 1973 t o 13th July 

1974, which were discussed i n the previous s e c t i o n . Thus the Thornth

w a i t e estimate of evapoLianspiration i s above t h a t of Penman EO2 D / 10.9 

per cent Penman F0 i s above t h a t of Penman Et by 14 3 per cent and 
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Table 30 Mean seasonal values of Penman EO21 Et, Thornthwaite 
Et and water balance Et i n mm and as a percentage of 
t h e i r r e s p e c t i v e y e a r l y values (Oct 1963 - Sept 1973) 

Method Mean Seasonal 
(Oct t o Mar ) 

% Mean 
Seasonal 

Mean Seasonal 
(Apr. t o Sept > 

% Mean 
Seasonal 

Penman Et 86 3 18.3 384.2 81.7 
Penman EO2 92 7 16.9 456.2 83.1 
Thornthwaite 128.3 20.8 487 8 79.2 
Water balance 153 3 34 9 285.7 65.1 

Penman Et i s above t h a t of the water balance Et by 6.7 per cent. 

Considering the maximum y e a r l y values of these estimates d u r i n g 

the 10-year per i o d under study, i t can be observed t h a t the maximum Penman 

EO2 i s s l i g h t l y above t h a t of the Thornthwaite Et value e.g 633.5 mm 

f o r Penman compared w i t h 632 5 mm f o r Thornthwaite Both of these maxi

mum values, belong t o the water year 1964 (Tables31 and 32). The m i n i 

mum y e a r l y value of Thornthwaite Et, on t h e other hand, i s greater than 

t h a t of the Penman EO2 value by 26 per cent The minimum y e a r l y values 

from these two methods occur i n two d i f f e r e n t years. Thus these r e s u l t s 

show t h a t d u r i n g the 10-year period of study the Thornthwaite p o t e n t i a l 

e v a p o t r a n s p i r a t i o n values have a smaller range than those of the Penman 

EO2 values The range of values f o r Thornthwai^e Et, Penman E02» Penman 

Et and the water balance Et are 34 0 mm, 191.4 mm, 224 6 mm and 131 0 mm 

r e s p e c t i v e l y . 

The c o e f f i c i e n t of v a r i a t i o n of the Thornthwaite y e a r l y values i s 

1.75 per cent, w h i l e those of the Penman E02> the water balance method 

and the Penman Et are 11 02, 11 43 and 14 52 per cent r e s p e c t i v e l y TLc 

reason f o r the smaller range and the low d i s p e r s i o n of the y e a r l y Thorn 

t h w a i t e values i s explained by the low v a r i a t i o n of mean y e a r l y temperature. 

The mean seasonal values of the Thornthwaite Et, the Penman EO2 

and Et and the water balance Et i n mm and as a percentage of the y e a r l y 

values are presented i n Table 30. According t o t h i s t a b l e the value of 

the Penmar Et duung the summer expressed as a percentage of the yect l y 
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v a l u e does not d i f f e r much from those of the Penman and the Thorn
t h w a i t e E t , but i t i s above t h a t of the water b a l a n c e E t by 17 per c e n t . 
During the w i n t e r season, however, the v a l u e of the water balance E t as 
a percentage of the y e a r l y v a l u e i s above those of the Penman E t by 17 
per cent, and i t exceeds those of the Penman EO2 and the Thornthwaite E t 
by 18 per cent and 14 per cent r e s p e c t i v e l y 

The high winter v a l u e of e v a p o t r a n s p i r a t i o n obtained from the 

water balance method i s due to the f a c t that e v a p o t r a n s p i r a t i o n i s assumed 

to be the d i f f e r e n c e i n the v a l u e s of p r e c i p i t a t i o n and r u n o f f during 

t h i s season. S i n c e t h e r e i s a time l a g i n the r e l e a s e of excess r a i n 

f a l l from groundwater s t o r a g e , the w i n t e r r u n o f f i s , t h e r e f o r e , under

e s t i m a t e d . Thus e v a p o t r a n s p i r a t i o n , r e p r e s e n t i n g the d i f f e r e n c e between 

p r e c i p i t a t i o n and r u n o f f , i s o v e r - e s t i m a t e d . 

During the summer, on the other hand, some of Lhe moisture s t o r e d 

m groundwater during the preceding w i n t e r , w i l l be r e l e a s e d as baseflow. 

The v a l u e of t o t a l r u n o f f , t h e r e f o r e , w i l l i n c r e a s e by t h i s amount and 

e v a p o t r a n s p i r a t i o n during the summer w i l l be lower. 

R e f e r r i n g to the curves of mean monthly data ( F i g . 3 9 ) , i t i s ob

se r v e d t h a t e v a p o t r a n s p i r a t ] o n from the water b a l a n c e approach exceeds 

Thornthwaite E t during the pe r i o d November to February, and i s g r e a t e r 

than Penman E t and EO2 during October to Febru a r y . 

The Thornthwaite E t i s higher than the Penman EC^ v a l u e during the 

months of June to January i n c l u s i v e . I n October and November, the Thorn

t h w a i t e formula g i v e s v a l u e s which a r e more than double those c a l c u l a t e d 

by Penman EO2 formula For example during October the Thornthwaite E t 

v a l u e i s 47.6 mm w h i l e t h a t of the Penman EO2 i * * 22.1 mm. Tor November 

the r e s p e c t i v e v a l u e s of the Thornthwaite E t and the Penman EO2 a r e 20 5 mm 

and 9 5 mm. 

During the s p r i n g n i n t h s , however, the Thornthwajte E t v a l u e i s 

Deiow cnac of cne Penman E0 9 (TaDles 31 ana 32) The e x p l a n a t i o n f o r cne 
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low ThornthwaiLe E t v a l u e during the s p r i n g months and the high E t v a l u e s 
during the autumn i s a t t r i b u t e d to the l a g of temperature behind r a d i a t i o n . 

The h i g h e s t mean monthly v a l u e of the Thornthwaite E t i s 108 0 mm 

i n J u l y , w h i l e those of the Penman EO2 and E t a r e 95 2 mm and 80.0 mm 

i n June. For the water balance E t , the h i g h e s t mean monthly v a l u e i s 

64.2 mm and th a t occurs i n the month of August 

The l a c k of c o i n c i d e n c e of the monthly peak v a l u e s of evapotrans

p i r a t i o n i n the Thornthwaite and Penman formulae a r e ex p l a i n e d by the 

f a c t t h a t the former i s dependent only on temperature, w h i l e the l a t t e r 

i s based not only on temperature, but a l s o sunshine, humidity and wind 

speed. 

The h i g h e s t mean monthly value of the v a t e r b a l a n c e evapotrans

p i r a t i o n during August as compared with other summer months i s e x p l a i n e d 

by the high r a i n f a l l o c c u r r i n g during t h i s month 

The monthly v a l u e s of the Penman E02> the Thornthwaite E t , the 

Penman E t and the water balance E t a r e presented i n T a bles 31, 32, 33 

and 34 The mean, maximum, minimum, standard d e v i a t i o n and c o e f f i c i e n t 

of v a r i a t i o n of the monthly v a l u e s of each method may a l s o be observed 

from these t a b l e s 

According to these t a b l e s the h i g h e s t monthly v a l u e of the Thorn

thw a i t e E t during the ten year period i s 119 1 mm during J u l y and the 

lowest i s 1 0 mm during February R e s p e c t i v e maximum and minimum v a l u e s 

fo r the Penman EO2, the Penman E t and the water balance Et are 113 6 mm 

i n May and 2 3 mm i n January, 99.4 mm i n J u l y and 2.0 mm i n January and 

106.1 mm i n August and -26.2 mm i n December 

The n e g a t i v e v a l u e of -26 2 mm f o r e v a p o t r a n s p i r a t i o n during 

December of the water year 1966 i s e x p l a i n e d by the high p r e c i p i t a t i o n 

during the preceding month of November (184.7 mm) Much of the p r e c i 

p i t a t i o n during November probably i n f i l t r a t e d i n t o the s o i l and was r e 

l e a s e d i n December ar groundwater f l c j T h e r e f o r e , " i t h a r u n o f f v a l u e 
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of 73 6 mm and low p r e c i p i t a t i o n of 47 4 mm the e v a p o t r a n s p i r a t i o n v a l u e 
was n e g a t i v e i n December. On the other hand, during November, s i n c e pre
c i p i t a t i o n was high and r u n o f f was r e l a t i v e l y low (81 0 mm), the v a l u e 
of e v a p o t r a n s p i r a t i o n was t h e r e f o r e high as w e l l (103 7 nm) 

The s c a t t e r d i a g r c i i s of the mean monthly water balance E t , the 

Thornthwaite E t and the Penman E 0 9 v a l u e s a r e presented i n F i g 40 

From a study of the c o r r e l a t i o n c o e f f i c i e n t s between the mean 

monthly v a l u e s of the water balance E t , the Penman EO2 and the Thornth

w a i t e E t ( T a b l e 35) i t can be observed t h a t the water balance E t i s moie 

c l o s e l y c o r r e l a t e d with the Thornthwaite E t ( c o r r e l a t i o n of 0 77) than 

w i t h the Penman EO2 v a l u e ( c o r r e l a t i o n 0 6 4 ) . T h i s could p o s s i b l y be 

due to the f a c t t h a t the d e r i v a t i o n of the Thornthwaite formula wat> o r i g i n 

a l l y based on the r a i n f a l l - r u n o f f r e l a t i o n s h i p 

The monthly c o r r e l a t i o n c o e f f i c i e n t s of the water balance E t v e r s u s 

the monthly Penman EO2 and the monthly Thornthwaite E t a r e both low These 

low c o r r e l a t i o n c o e f f i c i e n t s show th a t any monthly e s t i m a t i o n of evapo

t r a n s p i r a t i o n by the water balance i s not r e l i a b l e 

Table 35' C o r r e l a t i o n c o e f f i c i e n t s between monthly and mean 
monthly v a l u e s (10-year mean) J L Lhe Penman EO2J 
the Thornthwaite E t and the wai°: balance E t v a l u e s , 
October 1963 - September 1973 

Monthl} Penman EO2 v e r s u s monthly Thornthwaite E t 0 89 
Monthly Penman EO2 v e r s u s monthly water balance E t 0 J l 
Monthly Thornthwaite E t v e r s u s monthly water balance E t 0.43 
Mean monthly Penman EO2 v e r s u s mean monthly Thornthwaite E t 0 92 
Mean monthly Penman EO2 v e r s u s mean monthly water balance E t 0 64 
Mean monthly Thornthwaite E t v e r s u s mean monthly water balance E t 0 77 

Simple h y d r a u l i c l y s i m e t e r s 

Fig.41 r e p r e s e n t s the p l o t of net gain or net l o s s of water 

for the two r e p l i c a t e s For the whole period of study, 15th May to 

30th September 1973, the net l o s s of moisture from the two l y s i m e t e r s 

was almost the s<*:re (64 m r i a"d 66 >p"i) The trends of the two 

graphs a l s o seem to be s i m i l a r . However, t h e r e were periods 
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w i t h a length of 20 days or so when the i n i t i a l d i f f e r e n c e i n the two 
manometer readings was more than doubled by the end of the period 
Taking the period s t a r t i n g 4th June, the depth of moisture, r e p r e s e n t i n g 
the i n i t i a l d i f f e r e n c e i n the two manometer r e a d i n g s , was about 14 mm. 
However, by the 23rd June, the depth of moisture e q u i v a l e n t to the 
d i f f e r e n c e i n the two manometer readings was 30 mm Thus, i t i s ob
served t h a t the d a i l y r a t e of a c t u a l e v a p o t r a n s p ] r a L i o n from one of the 
l y s i m e t e r s during the period 4th June to 23rd June was about 0.75 mm 
g r e a t e r than the other one i n the same pe r i o d S i n c e the management of 
the l y s i m e t e r s has been s i m i l a r during the whole period of t h i s study, 
t h e r e f o r e , such a d i s c r e p a n c y i n the r e s u l t s can only be a t t r i b u t e d to 
e r r o r s i n measurement by the l y s i m e t e r s The a c c u r a c y of the l y s i m c t e r s 
i n measuring d a i l y changes i n s o i l moisture content may be s t u d i e d by 
c o n s i d e r i n g the recorded depths of the major r a i n f a l l amounts o c c u r r i n g 
on t h r e e d i f f e r e n t days 

, On 17th J u l y , the d a i l y raingauge recorded a r a i n f a l l depth of 

33 mm. From the l y s i m e t e r s , the f l u c t u a t i o n of one of the manometers 

was 49 mm and the other one was 45 mm. Thus f o r the former, the g a i n 

of moisture was about 33 mm, whereas for the l a ^ L e r , the gain was 30 mm. 

A d i f f e r e n c e of 3 mm i n t h i s case might not r e s u l t i n s e r i o u s e r r o r . 

However, for r a i n l e s s days w i t h e v a p o t r a n s p i r a t i o n l e s s than 3 mm, a 

d i f f e r e n c e of that magnitude i s v ery s i g n i f i c a n t 

Other examples a r e for r a i n y days of 5th and 19th August The 

depth of r a i n f a l l f o r 5th August was 25.2 mm and f o r 19th August was 

22 2 mm The corresponding moisture gains for these two r a i n f a l l depths 

were 20.0 mm and 24 7 mm for one l y s i m e t e r and 25 3 mm and 22.7 mm f o r 

the o t h e r . Thus the g a i n of moisture by one of the two l y s i m e c e r s has 

been i d e n t i c a l to the r a i n f a l l depth measured by the raingauge, w h i l e 

for the other t h e r e have been d i s c r e p a n c i e s of about 20 per cent and 9 

per cent i n time rreasurenient of the two r a i n f a l l depths. 

Winter (1963) has suggested the use of s e v e r a l r e p l i c a t e s for any 
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measurement of e v a p o t r a n s p i r a l i o n , so t h a t a c c i d e n t a l e r r o r s could be r e 
moved Us i n g t h i s suggestion, the average v a l u e s of the l o s s and gain 
of moisture from the two l y s i m e t e r s were used to p l o t the d a i l y g a i n and 
l o s s of water f o r the p e r i o d . The graph of the d a i l y v a l u e s of the 
Penman p o t e n t i a l evaporation (EC^) and r a i n f a l l has been p l o t t e d f o r 
comparison i n F i g 42. 

I t can be observed from F i g 42 t h a t the monthly Penman EC>2 during 

the period ( 1 5 t h - 3 1 s t ) May, June and J u l y i s higher than t h a t from the 

l y s i m e t e r . During the period ( 1 5 t h - 3 1 s t ) May the l y s i m e t e r r e a d i n g s a r e 

lower than the Penman EC^ v a l u e by 45 per c e n t . During June and J u l y 

the percentage u n d e r - e s t i m a t i o n i s 14 and 9 r e s p e c t i v e l y I n August, 

on the other hand, the l y s i m e t e r v a l u e i s g i e a t e r than that of the 

Penman EO^ by 7 9 per cent, and i t i s almost i.he same during September 

The r e l a t i v e l y lower v a l u e s of e v a p o t r a n s p i r a t i o n obtained from 

the l y s i m e t e r i n the months of May, June and J u l y could p o s s i b l y be 

e x p l a i n e d by the f a c t t h a t the l y s i m e t e r v a l u e s a r e a c t u a l evapotrans

p i r a t i o n and owing to the shortage of water during a short period, the 

r a t e has not been a t i t s maximum However, the f a c t that a c t u a l evapo

t r a n s p i r a t i o n v a l _ c s during August exceed p o l e n L i a l e v a p o L r a n s p i r a t i o n 

by 7 9 per cent, can only be explained by l a c k of a c c u r a c y of the i n s t r u 

ment . 

The measurement of a c t u a l e v a p o t r a n s p i r a t i o n by l y s i m e t e r s was d i s 

continued i n October The reasons f o r t h i s were as f o l l o w s 

1. The l a c k of a c c u r a c y of the lysimeter«; i n the measurement of a c t u a l 

e v a p o L r a n s p i r a t i o n as was d i s c u s s e d by the r e s u l t s of the two l y s i m e t e r s 

during the p e r i o d of study. 

2 Owing to low e v a p o t r a n s p i r a t i o n and frequent r a m during the w i n t e r 

season, October to March, the l y s i m e t e r s should be f r e q u e n t l y d r a i n e d 

T h i s r e s u l t s i n a d i s t u r b a n c e of the balance of the s o i l c o n t a i n e r on 

the scooter tube and constanc r e b a l a n c i n g of me instrument i s needed 
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3. During the w i n t e r seasons the r a t e of a c t u a l e v a p o t r a n s p i r a t i o n i s 
almost equal to p o t e n t i a l e v a p o t r a n s p i r a t i o n and t h e r e f o r e measurements 
of a c t u a l e v a p o t r a n s p i r a t i o n by l y s i m e t e r s i s not n e c e s s a r y 

4. Any e x t r a p o l a t i o n of the r e s u l t s of the point measurement of the 

a c t u a l E t to the catchment i s r a t h e r d i f f i c u l t T h i s i s e x p l a i n e d by 

s p a t i a l v a r i a t i o n s i n s o i l type and s o i l moisture coni.ent i n the f i e l d 

The plant r o o t s i n the s m a l l l y s i m e t e r may be r e s t r i c t e d by the c o n t a i n e r , 

whereas i n the f i e l d such a r e s t r i c t i o n does not occur. The s t r u c t u r e 

of the s o i l i n the l y s i m e t e r might not be s i m i l a r to that i n the f i e l d 

T h e r e f o r e the d i s t r i b u t i o n of moisture w i l l be d i f f e r e n t T h i s would 

a f f e c t the a v a i l a b i l i t y of moisture, and consequently the measured a c t u a l 

e v a p o t i a n s p n a t i o n v a l u e s 

A r e a l v a l u e s of a c t u a l e v a p o t r a n s p i r a t i o n 

For the study of the a r e a l v a l u e s of a c t u a l e v a p o t r a n s p i r a t i o n , the 

monthly p r e c i p i L a t i o n and the monthly Penman EC^ v a l u e s over the p e r i o d 

October 1963 to September 1973 were s t u d i e d . Using these data and the 

Penman method for the e s t i m a t i o n of a c t u a l e v a p o L r a n s p i r a t i o n , t h r e e 

water balance maps for the catchment were drawn ( F i g s 43, 44, and 45) 

F i g 43 shows the average water balance <^ l 0$'?*of the catchment for 

the period October 1963 to September 1973 The monLhly p r e c i p i t a t i o n 

and p o t e n t i a l e v a p o t r a n s p i r a t i o n v a l u e s used (Penman EO2) a r e the average 

of the 10 y e a r s . The c a l c u l a t i o n s f o r the a c t u a l e v a p o t r a n s p i r a t i o n a r e 

shown i n Table 36 

From the F i g 43 i t i s observed t h a t a c c o r d i n g to the Penman model, 

a c t u a l e v a p o t r a n s p i r a t i o n i s always equal to p o t e n t i a l e v a p o t r a n s p i r a t i o n 

T h i s i s because the maximum cumulative moisture d e f i c i e n c y during the 

p e r i o d does not exceed the l i m i t of 100 mm a v a i l a b l e water for s h o r t 

rooted crops I n f a c t the maximum cumulative moisture d e f i c i e n c y i s 

79.6 mm and thaL occurs i n J u l y The moisture d e f i c i e n c y s t a r t s I P May 

and ends i n October Figs.43 and 44 snow the water balance diddlTd*4)£ the 
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years 1964 and 1971 The c a l c u l a t i o n s are shown i n Tables 21 and 37 
The year 1964 i s a very dry year, whereas t h a t of 1971 i s a year w i t h 
appreciable r a i n d uring the summer For the year 196^ ( F i g ^ 4 ) , a c t u a l 
e v a p o t r a n s p i r a t i o n f a l l s below p o t e n t i a l e v a p o t r a n s p i r a t i o n i n May w i t h 
a maximum of 56.8 mm i n J u l y . The t o t a l y e a r l y d i f f e r e n c e between the 
a c t u a l and p o t e n t i a l e v a p o t r a n s p i r a t i o n i s 109.2 mm, or ac t u a l evapo
t r a n s p i r a t i o n i s less than p o t e n t i a l by 16.8 per cent. 

Considering the year 1971 ( F i g . 4 5 ) , the a c t u a l e v a p o t r a n s p i r a t i o n 

f a l l s below the p o t e n t i a l e v a p o t r a n s p i r a t i o n i n J u l y by 5.1 mm o n l y . 

R e f e r r i n g t o the f i g u r e of the moisture balance f o r the year 1964, i t 

i s observed t h a t the curve of p o t e n t i a l e v a p o t r a n s p i r a t i o n exceeds t h a t 

o f p r e c i p i L a t i o n i n A p r i l From then onward moisture f o r evapotrans

p i r a t i o n i s being supplied from the s o i l moisture r e s e r v o i r at the poten

t i a l r a t e . By May, the r a t e of a c t u a l evapoLranspiration drops below 

the p o t e n t i a l e v a p o t r a n s p i r a t i o n r a t e This reaches a maximum of 56 8 

mm i n J u l y . The divergence, then, decreases from J u l y reaching 15.8 mm 

i n August and w i t h a s l i g h t increase i n September, i t reaches zero i n 

October. From October, there i s excess moisture owing t o low evapo

t r a n s p i r a t i o n , which f i l l s the s o i l moisture r e s e r v o i r . The recharge 

of s o i l moisture continues u n t i l the r e s e r v o i r i s f i l l e d . The surplus 

moisLure i s t h a t i n excess of the d e f i c i e n c y of s o i l moisture. 

For the year 1971 the perio d of moisture surplus continues u n t i l 

A p r i l . From A p r i l t o J u l y some moisture f o r the e v a p o t r a n s p i r a t i o n 

demand i s s u p p lied from the s o i l moisture storage. During J u l y , a c t u a l 

e v a p o t r a n s p i r a t i o n drops below the p o t e n t i a l e v a p o t r a n s p i r a t i o n r a t e . 

This i s because the cumulative moisture d e f i c i e n c y exceeds the l i m i t of 

a v a i l a b l e moisture i n the s o i l 

I n concluding t h i s s e c t i o n , two of the main l i m i t a t i o n s of the 

Penman model f o r e s t i m a t i n g a c t u a l Et should be discussed. 

One of these l i m i t a t i o n s i s t h a t there i s no p r o v i s i o n made f o r 
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r u n o f f i n the model This l i m i t a t i o n might r e s u l t i n some e r r o r s 

The second l i m i t a t i o n a r i s e s from the e f f e c t of uneven temporal 

d i s t r i b u t i o n of r a m Since the c a l c u l a t i o n of a c t u a l e v a p o t r a n s p i r a t i o n 

i s based on monthly r a i n f a l l and e v a p o t r a n s p i r a t i o n , t h e r e f o r e i f f o r 

any p a r t i c u l a r month the bulk of r a i n f a l l occurs at the end of the month 

f o l l o w i n g a d i y s p e l l , a c t u a l e v a p o t r a n s p i r a t i o n might be over-estimated 

This i s because during the dry s p e l l , the cumulative moisture d e f i c i e n c y 

might exceed the l i m i t of a v a i l a b l e water, and, t h e r e f o r e , the a c t u a l 

e v a p o t r a n s p i r a t i o n r a t e might drop below the p o t e n t i a l e v a p o t r a n s p i r a t i o n 

r a t e Using the monthly values and assuming even temporal d i s t r i b u t i o n 

of the r a i n , however, t h i s e f f e c t of uneven d i s t r i b u t i o n of r a m w i l l 

h p rp q o V p H 
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CHAPTER SIX 
RUNOFF AND ITS VARIATION 

Runoff i s t h a t p o r t i o n of p r e c i p i t a t i o n which reaches thp stream 
channel. I t could also be described as the end product of a number of 
ph y s i c a l processes which form the r u n o f f c y c l e . This cycle s t a r t s w i t h 
i n c i d e n t p r e c i p i t a t i o n on a p o r t i o n of land surface. P r e c i p i t a t i o n , 
subsequently, goes through the processes of i n t e r c e p t i o n , i n f l l t r a L i o n , 
storage i n the surface depression or w i t h i n the s o i l p r o f i l e s and under
l y i n g rocks, c v a p o t r a n s p i r a t i o n from storages of moisture, overland flow, 
i n t e r f l o w and groundwater f l o w , temporary storage i n the stream channels, 
and f i n a l l y movement of t o c a l flow from the upstream p o r t i o n t o the 
drainage basin o u t l e t T o t a l f l o w i s then measured as discharge a t the 
o u t l e t of the basin. 

Measurement of discharge of River Browney The discharge of the River 

Browney i s measured at Burn H a l l (259 387) Measurement i s by means of 

a compound broad crested weir This has an o v e r a l l w i d t h of 692 inches 

(17 58 m) ard a c e n t r a l low l e v e l c r e s t 215.5 inches (5 47 m) long The 

l e v e l of s t a t i o n i s approximately 44 m above O.D and water l e v e l i s 

c ontinuously recorded Rating of the s t a t i o n i s by weir formula and 

t h i s i s checked by cu r r e n t meter. 

Yearly and seasonal r u n o f f v a r i a t i o n s Discharge measurements were r e -
3 3 corded i n f t /sec between 1957 and 1967 and i n m /sec since 1967 I n 

t h i s study, however, the discharge values are e i t h e r converted i n t o 
3 

m i l l i m e t r e s of r u n o f f or used i n m /sec. 

To study the v a r i a t i o n i n y e a r l y r u n o f f , the water year s t a r t i n g 

October and ending September has been used. The histogram of y e a i l y 

r u n o f f , thus obtained, i s shown i n Fig.46. Runoff ranges between 514 4 

mm i n the waLer year 1969 to 136 0 iron i n the water year 1973 The 

mean y e a r l y r u n o f f i s 309 8 mm The maximum y e a r l y r u n o f f i s 166.0 

per cent of the mean and the minimum i s 43 9 per cent of the mean 
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The values of y e a r l y r u n o f f i n s i x years have been above the mean and 
the remaining eleven years have had values less than the mean du r i n g the 
period 1957-1973. To e x p l a i n some of the v a r i a t i o n s of y e a r l y r u n o f f 
d u r i n g the perio d 1957-1973, the corresponding p r e c i p i t a t i o n values 
should be considered. This i s because t o t a l y e a r l y p r e c i p i t a t i o n and 
i t s d i s t r i b u t i o n i s the most important f a c t o r a f f e c t i n g r u n o f f 

P r e c i p i t a t i o n over the catchment, as mentioned e a r l i e r , has been 

measured by seven d a i l y gauges since 1968. For the pe r i o d 1962-1968, 

however, the records from four raingauges at Durham, Waskerley, Water-

houses and Satley were a v a i l a b l e P r i o r t o 1962, the only stationswhose 

records were accessible, were Durham Observatory and Waskerley 

I n order t o use co n s i s t e n t r a i n f a l l data f o r the study of r a i n f a l l -

r u n o f f r e l a t i o n s h i p s d u r i n g the 17 year p e r i o d , Durham Observatory 

records c o r r e c t e d by a f a c t o r t o change p o i n t r a i n f a l l s t o a r e a l r a i n 

f a l l was used 

The parameter represents the r a t i o of average r a i n f a l l - o v e r the 

catchment t o t h a t a t Durham Observatory To f i n d t h i s parameter, monthly 

Thiessen average r a i n f a l l from the seven a v a i l a b l e raingauges through

out the catchment were summed over the perio d 1968-1972 and the r e s u l t 

was d i v i d e d by the value f o r the same period from the raingauge at 

Durham Observatory i . e = 3^3^ g = 1 17. D e r i v a t i o n of was based 

on a f i v e year record because the data from a l l the gauges were not a v a i l 

able f o r a longer period However the year t o year v a r i a t i o n of based 

on these f i ^ e years of record was small 1 e (1.19-1 15). 

Yearly p r e c i p i t a t i o n values at Durham Observatory, thus, were 

m u l t i p l i e d by t h i s f a c t o r i n order t o get the catchment value. 

The values of y e a r l y p r e c i p i t a t i o n corresponding t o the years of 

maximum and minimum r u n o f f were 953 4 and 578 8 mm (Table 38). The 

r u n o f f - r a i n f a l l r a t i o f o r each year was c a l c u l a t e d For the water year 

1969, which had the maximum t o t a l r u n o f f , the r a L i o was 0 5̂ -, and f o r 
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Table 38 Yearly r a i n f a l l , r u n o f f and r u n o f f - r a i n f a l l r a t i o 
f o r the Browney basin during the period 1957-1973 

Water year R a i n f a l l (mm) Runoff (mm) R u n o f f / R a i n f a l l 

1957 630.9 237.4 0.38 

1958 695.0 365.3 0.53 

1959 438.4 193.0 0 45 

1960 828.9 323.5 0 40 

1961 956.5 484.0 0.51 

1962 722.6 255.0 0.35 

1963 769.2 297.4 0 39 

1964 658.9 251.3 0.39 

1965 805 7 264.2 0 33 

1966 946.5 496.0 0.52 

1967 835 6 377.3 0 46 

1968 837.7 278.8 0.34 

1969 953.4 ^14.4 0.54 

1970 662.7 298 9 0 46 

1971 713.5 239.8 0.34 

1972 658.0 252.9 0 39 

1973 578. 8 136.0 0.23 

Mean O.'tl 
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the water year 1973, which had the minimum t o t a l r u n o f f , the r a t i o was 

0.23 This d i f f e r e n c e i n the r a t i o of r u n o f f - r a i n f a l l could be explained 

by considering the d i s t r i b u t i o n of r a i n f a l l throughout the two years 

(Table 39) 

Table 3 9 R a i n f a l l d i s t r i b u t i o n (mm) f o r the water years 
1969 and 1973 

\ t n o n t h 
year 0 N D J F M A M J J A S T o t a l 

1969 75 8 76 4 113 5 55.9 103.4 100 4 52 9 122.1 91 3 51 7 41.9 68 1 953.4 
19/3 13 9 61 5 30.4 31.9 14 2 10 6 82 5 66.5 41.2 91.6 77.4 57.1 578.8 

For the water year 1973, 72 per cent of the y e a r l y p r e c i p i t a t i o n 

o r r n r r p d d u n ne t h e ^limmei* m o n t i r ' a n e n n H u h g p ^ f f lnr>trapspi' rat3 on values 

are h i g h . During the water year 1969, however, 44 per cent of the pre

c i p i t a t i o n occurred d u r i n g the summer Thus, since the i n f i l t r a t i o n 

r a t e i s g e n e r a l l y higher d u r i n g summer than w i n t e r (owing t o lower moisture 

content and higher temperatures) much of the p r e c i p i t a t i o n occurmg 

dur i n g the summer season enters the s o i l zone and i s subsequently used 

as e v a p o t r a n s p i r a t i o n . During the w i n t e r , howr-'cr, the r a t e of water 

e n t r y i n t o the s o i l i s low, and since the e v a p o t r a n s p i r a t i o n r a t e i s 

a l s o low, most of the p r e c i p i t a t i o n w i l l r e s u l t i n d i r e c t r u n o f f Some 

p r e c i p i t a t i o n which i n f i l t r a t e s , however, i s s t o r e d i n the s o i l zone 

or percolates i n t o underground storage and i s released during the summer 

season. The expl a n a t i o n , thus given, accounts f o r the low y e a r l y r u n o f f 

d u r i n g water year 1973. 

The average annual r u n o f f - r a i n f a l l r a t i o f o r the period of 1957-1973 

i s 0.41 e.g. y e a r l y r u n o f f forms 41 per cent of the t o t a l p r e c i p i t a t i o n . 

Considering the seasonal values of the r u n o f f - r a i n f a l l r a t i o , i t i s 

observed t h a t during the wi n t e r season, the r a t i o ranges from 0.79 i n 

the water year 1958 t o 0.36 i n the water year 19 73. This d i f f e r e n c e i n 

file:///tnonth
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Table 40 Seasonal r a i r f a l l , r u n o f f and r u n o f f - r a i r f a l l r a t i o 
f o r the Brown,ey basin d u r i n g the perio d 1957-1973 

Water year 
Summer ( A p r i l - S e p t . ) Winter (Oct -March) 

Water year 
R a i n f a l l 

(mm) 
Runoff 

(irm) 
Runoff/ 
r a i n f a l l 

R a i n f a l l 
(mm; 

Runoff 
(mm) 

Runoff/ 
r a i n f a l l 

1957 372 9 78 4 0.21 258.0 158.9 0.62 

1958 413.8 143.0 0.35 281 2 222.4 0.79 

1959 196 3 40 3 0.20 242.1 152.6 0.64 

1960 359.9 72.4 0 20 469.0 251 1 0.54 

1961 434 0 110.2 0 25 522.5 373 8 0 72 

1962 396 0 76 9 0 19 326 5 178 1 0.55 

1963 369.1 100.5 0.27 400.0 196 9 0 50 

1964 313.0 74 1 0.24 346 0 177 1 0.52 

1965 468 4 123 9 0 26 337.3 140.2 0 42 

1966 475.2 144.9 0 30 471 3 351 0 0.65 

1967 476.2 134.6 0.28 359.4 242.8 0 68 

1968 472.9 103 1 0 22 364 8 175.7 0.48 

1969 428.0 168 4 0.39 537.1 346 0 0 64 

1970 274 6 70 8 0.26 388.1 228.1 0.59 

1971 384 1 101.9 0.26 329 4 137.9 0 42 

1972 290.6 66.2 0.23 367.4 186 8 0 52 

1973 416.3 80.0 0 19 162.6 56.0 0.36 
Mean f o r period 0 25 0.57 
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the r u n o f f - r a i n f a l l r a t i o s could be explained by the c o n d i t i o n s of s o i l 
moisture stoiage due t o p r e c i p i t a t i o n i n the l a s t few months preceding 
each water year The t o t a l p r e c i p i t a t i o n d u r i n g the months of J u l y , 
August and September 1957 and 1972 i s 280 2 mm and 118.0 mm respect
i v e l y . Thus the s o i l moisture storage at the beginning of the water 
year 1958 i s expected t o be higher than t h a t of water year 1973 The 
s o i l d u r i n g the w i n t e r season of the water year 1973, t h e r e f o r e , has 
got a greater capacity f o r s t o r i n g moisture than during the w i n t e r season 
of the water year 1958 and the r u n o f f - r a i n f a l l r a t i o f o r the w i n t e r 
season 1973 i s , t h e r e f o r e , lower than t h a t of 1958 

The average r u n o f f - r a i n f a l l r a t i o f o r the w i n t e r season du r i n g the 

p e r i o d 1957-1973 i s 0.57, or r u n o f f during w i n t e r forms 57 per cent of 

the p r e c i p i t a t i o n The r e s p e c t i v e value f o r the summer season i s 0.25 

and the range i s 0 19 t o 0 39 

R a m f a l l - r u n o f f equaLions The r a i n f a l l - r u n o f f r e l a t i o n s h i p was also 

s t u d i e d by p l o t t i n g the y e a r l y r u n o f f values against the corresponding 

r a i n f a l l amounts The equation of the l w e of best f i t was found to be 

of the form y = 0.64 x -167.68. The c o r r e l a t i o n c o e f f i c i e n t between 

the y e a r l y r a i n f a l l values and the y e a r l y r u n o f f values was 0 84 ( F i g 47) 

This value f o r the c o r r e l a t i o n c o e f f i c i e n t shows t h a t there i s a high 

degree of a s s o c i a t i o n between r a i n f a l l and r u n o f f . 
2 

The c o e f f i c i e n t of d e t e r m i n a t i o n , r , i s 0.706 Therefore, about 

70 6 per cent of the variance i s accounted f o r by t h i s r e g r e s s i o n equation. 

I t i s a l s o c l e a r , though, t h a t t h i s simple r e g r e s s i o n equation of r a i n 

f a l l and r u n o f f accounts f o r more than 70 per cent of the variance, the 

extreme values s c a t t e r e d i n the graph could only be accounted f o r by 

c o n s i d e r i n g the processes of e v a p o t r a n s p i r a t i o n , i n f i l t r a t i o n , and changes 

i n s o i l moisture ard groundwater storages 

Two other p o i n t s which might also e x p l a i n the extreme values are 

the r e s u l t of the a r e a l r a i n f a l l assumption and the e f f e c t of mine water 
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discharge on the t o t a l r u n o f f . 

The a r e a l p r e c i p i t a t i o n , as explained e a r l i e r , i s the product of 

the catch of r a i n at Durham Observatory m u l t i p l i e d by a f a c t o r This 

f a c t o r r e p r e s e n t i n g the r a t i o of the Thiessen average 01 r a i n f a l l f o r 

the seven raingauges t o t h a t at Durham, v a r i e s from year t o year and 

from storm t o storm The value of t h i s r a t i o , f o r example, i s 1 . 1 9 f o r 

the year 1 9 7 2 , as compared w i t h 1 15 f o r the year 1 9 6 9 and 1 17 f o r the 

f i v e year average ( 1 9 6 8 - 1 9 7 2 ) . 

The e f f e c t of mine water discharge i n t o the r i v e r might also be 

important U n f o r t u n a t e l y , no data have been a v a i l a b l e on the t o t a l d i s 

charge except f o r the year 1 9 7 3 (calendar y e a r ) , when the t o t a l y e a r l y 

discharge of mine water, as given by the N a t i o n a l Coal Board ( P r i v a t e 

Communication 1 9 7 4 ) has been 1 3 . 6 mm or 4 4 per cent of the y e a r l y aver

age f o r the whole period 

I n order t o i n v e s t i g a t e the seasonal r a i n f a l l - r u n o f f r e l a t i o n s h i p s , 

seasonal r u n o f f values were p l o t t e d against the corresponding r a i n f a l l 

data The l i n e of the best f i t of the s c a t t e r diagram f o r the w i n t e r 

season (October t o March) had an equation of the form y = 0 75 x - 6 0 . 9 5 

w h i l e t h a t f o r the summer season was y = 0 . 3 4 x - 3 0 . 8 . From a comparison 

of the seasonal s c a t t e r diagrams ( F i g ^ 8 ) of the r a i n f a l l - r u n o f f r e 

l a t i o n s h i p s , i t i s observed t h a t the w i n t e r diagram shows the points t o 

be more s c a t t e r e d than the summer one S i m i l a r r e s u l t s were obtained by 

Smith ( 1 9 6 4 o J i n h i s study of seasonal r a i n f a l l - r u n o f f r e l a t i o n s h i p s i n 

two Pennine catchments 

Such observations are c o n t r a r y t o what one might expect. During 

the w i n t e r since e v a p o t r a n s p i r a t i o n i s low, a less s c a t t e r e d r a i n f a l l -

r u n o f f r e l a t i o n s h i p i s expected. Ward ( 1 9 6 7 ) explains t h i s anomaly by 

the e f f e c t of a high s o i l moisture d e f i c i e n c y at the beginning of w i n t e r 

season, as compared w i t h a high moisture content ( f i e l d capacity) at the 

beginning of summer season 
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Monthly r u n o f f values To study the monthly values of r u n o f f , the 

hydrograph of monthly streamflow f o r the period October 1956 t o September 

1973 i s shown i n Fig.49 From t h i s graph i t i s seen t h a t the highest 

monthly r u n o f f i s i n October 1960. The value of r u n o f f f o r t h i s month 
3 

i s 249 m /sec or 120 mm The minimum monthly value occurs i n October 
3 

1959 w i t h a value of 6 m /sec or about 3 00 mm. Comparing these values 

w i t h the mean monthly value f o r the whole period e.g 25.8 mm, i t i s 

observed t h a t the maximum monthly r u n o f f value i s 4.65 times the mean 

wh i l e the minimum i s 0.12 times the mean. Considering the maximum 

monthly r u n o f f i n each year, i t i s observed t h a t January, February and 

March are the months w i t h the highest frequency of occurrence of maxi

mum monthly r u n o f f per year. Each has been recorded t o have the maxi

mum monthly f l o w i n four out of seventeen years This might be explained 

by the low i n f i l t r a t i o n c a pacity of the s o i l ( h i g h moisture content) and 

low e v a p o t r a n s p i r a t i o n during these months. 

I n only one year out of the seventeen years of r u n o f f study has 

the monthly maximum occurred i n a summer month This was May 1973. 

1973, as mentioned e a r l i e r , was an e x c e p t i o n a l l y dry year w i t h 72 per 

cent of the p r e c i p i t a t i o n o c c u r r i n g d u r i n g the summer months. The depth 

of r u n o f f f o r May 1973 was 22 mm, the lowest among a l l the monthly maxi

mum values. 

As f o r the d r i e s t months of the year, September i s the month w i t h 

the lowest f l o w i n seven out of the seventeen years of study. Lowest 

monthly flows have also occurred during the months of June to November 

(Table 41) 

Considering the mean monthly r u n o f f values, there i s an increase 

i n r u n o f f from October to January and a decrease from January t o J u l y 

( F i g 50). There i s a s l i g h t increase during J u l y and August. This i s 

most probably due t o the occurrence of r e l a t i v e l y intense convectional 

r a i n f a l l d u r i n g chese months 
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Thus September and June on average have the lowest monthly values 

of r u n o f f , w h i l e January has the highest monthly f l o w . The lowest and 

highest values of r u n o f f i n each month are also p l o t t e d i n F i g 50. I t 

i s observed t h a t the curve of lowest monthly r u n o f f i s almost p a r a l l e l 

t o t h a t of the mean However t h i s i s not the case W i t h t h a t of the hig h 

est monthly r u n o f f . 

The r a t i o of mean monthly r u n o f f t o mean monthly p r e c i p i t a t i o n i s 

c a l c u l a t e d i n Table 42 and i s shown i n F i g 51 The value of the r a t i o 

i s lowest i n J u l y , the month w i t h the highest value of evapotranspir-

a t i o n From J u l y the r a t i o increases u n t i l i t reaches a peak of 0.85 

i n March The hi g h r a t i o i n March might be explained by the f o l l o w i n g 

reasons 

1. S o i l moisture storage i s h igh d u r i n g t h i s month of the year, the r e 

f o r e , the i n f i l t r a t i o n r a t e i s low. 

2. Some of the p r e c i p i t a t i o n f a l l i n g d u ring the months of November t o 

February i s used f o r recharging the s o i l moisture and groundwater storage. 

Therefore, r u n o f f f o r these months i s lower and thus the r a t i o s are 

lower. 

3. Some of the moisture which had percolated i n t o groundwater storage 

du r i n g the months preceding March might have c o n t r i b u t e d to t o t a l r u n o f f 

i n March as the r e s u l t of groundwater f l o w , thus r e s u l t i n g n a high 

r u n o f f - r a i n f a l l r a t i o 

4. R i s i n g temperature d u r i n g March r e s u l t s i n the thawing of snow This 

snow-melt accompanied by r a i n f a l l might cause the r a t i o of mean monthly 

r u n o f f t o mean monthly p r e c i p i t a t i o n t o be higher m March than i n other 

months. 

Duration curves A d u r a t i o n curve i s defined as the cumulative f r e 

quency diagram of a continuous time s e r i e s The d u r a t i o n curve d i s p l a y s 

the frequency of various magnitudes which are equalled or exceeded. The 

y e a r l y and monthly d u r a t i o n curves f o r the Browney River are obtained by 
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Table 42 Mean monthly r a i n f a l l and r u n o f f (mm) and r u n o f f -
r a i n f a l l r a t i o s d u r i n g the period 1957-1973 

Month 0 N D J F M A M J J A S 

R a i n f a l l 55.1 76 2 61.8 68 7 53 2 46 8 53.6 62 2 56 2 74.3 79 0 59.7 

Runoff 22 1 29 5 34 2 45 3 39 4 39.8 26 7 21 1 12 2 12 9 14 4 12 2 

Runoff/ 
R a i n f a l l 

0 40 0 39 0 55 0.66 0.74 0.85 0.50 0 34 0 22 0 17 0.18 0 20 

arr a n g i n g the r u n o f f i n descending older of magnitude. For the y e a r l y 

d u r a t i o n curve f o r the perio d 1957-1973, there are 17 years of data, 

t h e r e f o r e each year covers 5.88 per cent of the time Thus the highest 

r u n o f f value (514.4 mm) covers the range from zero t o 5 88 per cent and 

the lowest from 94 12 t o 100 per cent From the y e a r l y d u r a t i o n curve 

( F i g . 5 2 ) , i t i s observed t h a t f i f t y per cent of the time the r u n o f f i s 

over 280 mm, 25 per cent of time the r u n o f f i s over 365 mm and 75 per 

cent of time i t i s over 250 mm 

The d u r a t i o n curve f o r the monthly r u n o f f values are shown i n 

Fig.53 From t h i s d u r a t i o n curve i t i s observed t h a t 50 per cent of the 
3 

time monthly f l o w i s greater than 39 m /sec (18 9 mm). Twenty-five per 
3 

cent of the time f l o w i s above 70 m /sec (34 0 mm) and 75 per cent of 
3 

the time i t i s over 21 m /sec (10.2 mm). I n view of the f a c t t h a t the 

seasonal cycle of monthly flows i n F i g 53 i s d i s g u i sed, separate dura

t i o n curves f o r the w i n t e r and summer seasons are drawn i n Fig.54 The 

data are grouped i n t o d i f f e r e n t class d i v i s i o n s and the discharge i s ex

pressed i n terms o f the mean. A l o g a r i t h m i c scale i s used i n order t o 

show the two end parts of the curve more c l e a r l y The seasonal cycle of 

r u n o f f , thus, i s very c l e a r . The cause o f the seasonal c y c l e , as men

t i o n e d e a r l i e r , i s p r i m a r i l y due t o the d i f f e r e n c e between r a i n f a l l and 

e v a p o t r a n s p i r a t i o n . I t i s c l e a r t h a t the high monthly flows occur i n the 

w i n t e r months. The highest monthly f l o w d u r i n g w i n t e r i s 4.65 times the 
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mean, w h i l e during the summer i t i s 2 48 times During the win t e r 
season about 55 per cent of the monthly flows are above the mean, w h i l e 
the corresponding f i g u r e f o r the summer i s 17 per cent and f o r the 
whole year i s 36 per cent. 

Another observation from the d u r a t i o n curves of w i n t e r and summer 

season i s t h a t the lowest flows have got the same chance of occurrence 

i n the summer as i n the w i n t e r months. 

For the d a i l y values of discharge,duration curves of three periods 

are derived by grouping the mean d a i l y discharge during each period 

i n t o class i n t e r v a l s (narrower f o r the lower values and wider f o r the 

higher values) i n order t h a t the number of observations i n d i f f e r e n t 

i n t e r v a l s would be w e l l d i s t r i b u t e d . The three periods f o r which 

d u r a t i o n curves are derived are 

1. The water year 1969 This year was the year w i t h highest annual 

r u n o f f (514.4 mm). I t also included the highest mean d a i l y r u n o f f of 
3 

43.3 m /sec (20 99 mm) throughout the period of 1957-1973. 

2. The water year 1973 During t h i s year the depth of r u n o f f was the 

lowest of a l l the 17 years studied e.g. 136 00 mm. 

3. The f i v e year period from October 1969 t o September 1973. The average 

y e a r l y r u n o f f d uring t h i s p e r i o d was 289 mm This i s about 6 per cent 

less than the 17 year average This f i v e year p e r i o d , included the 

w e t t e s t as w e l l as the d r i e s t years of the perio d 1957-1973 considered. 

The curves derived ( F i g 55) i n d i c a t e t h a t f o r the dry year of 
1973, only 20 per cent of the t o t a l d a i l y discharges are equal or over 

3 
1 m /sec (0 5 mm) whereas f o r the wet year of 1969, 20 per cent of the 
t o t a l d a i l y discharges are less than 1 m /sec (0 5 mm) or 80 per cent 

3 
of the f l o w are equal or over 1 m /sec. Foi the f i v e year period the 

3 
corresponding value over 1 m /sec i s 44 per cent. The highest d a i l y 

3 

discharge i n 1969 (43 3 m /sec or 20 99 mm) i s almost e i g h t times t h a t 

of the water year 1973. About 5 per cent of the d a i l y discharges during 
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3 1973 are less than 0 28 m / s e c (0 14 mm), whereas during 1969, the per-

3 
centage of mean d a i l y flows below 0 28 m /sec i s n i l On the other hand, 

3 
about 6 per cent of the flows are equal t o or greater than 8 m /sec 

(3.9 mm) dur i n g 1969, w h i l e f o r 1973 the percentage i s zero. 

Extreme values . Extreme values of r u n o f f are those of floods and droughts 

Floods and droughts ma> be defined i n several ways. Floods, f o r example, 

can be r e f e r r e d t o as the highest mean d a i l y discharge w i t h i n a period 

of a year I t could also designate the high streamflow which exceeds 

the c a p a c i t y o f the normal channel, (Foster,1949). Drought, on the 

other hand, r e f e r s t o the lowest mean r a t e of f l o w over a short p e r i o d 

of time i n a calendar year e g lowest monthly f l o w per year Drought 

i n r e l a t i o n t o p r e c i p i t a t i o n also has been defined as a p e r i o d , of at 

le a s t 15 days w i t h d a i l y r a i n f a l l less than or equal t o 0 2 mm (M e t e o r o l o g i c a l 

O f f i c e , 1 9 6 3 ) . This d e f i n i t i o n , of course, does not take i n t o account 

the i n f l u e n c e of e v a p o t r a n s p i r a t i o n , and the amount of water needed by 

plan t s Furthermore the e f f e c t of a shortage of r a i n f a l l depends on 

whether the s o i l i s moist or dry at the beginning of the pe r i o d 

(Thornthwaite, 1955) 

Floods g e n e r a l l y are caused as a r e s u l t of excessive p r e c i p i t a t i o n 

or m e l t i n g of a t h i c k blanket of snow Snow-melt can cause f l o o d s only 

i n areas where the heavy snow cover may be preserved u n t i l l a t e i n s p r i n g 

A frozen ground w i l l impede the r a t e of i n f i l t r a t i o n , thus a l l the pre

c i p i t a t i o n w i l l d r a i n as surface r u n o f f 

W i t h i n the Browney River, the cause of the floods i s excessive 

r a i n f a l l or snow-melt accompanied by r a i n f a l l The d u r a t i o n of snow 

cover w i t h i n the catchment increases from about 17 days at Durham 

( e l e v a t i o n 102 m), 21 days at Ushaw ( e l e v a t i o n 181 m) (Smith,1970) t o 

perhaps 30 days i n the extreme western p o r t i o n I n s p i t e of the f a c t 

t h a t there i s no se a s o n a l i t y i n terms of r a i n f a l l depth i n the basin 

throughout the year, almost a l l Lne peak d a i l y flo-fs hava occurred i n 
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the w i n t e r season ( w i t h the exception of 14th August 1971 and 17th Ju l y 

1973. 

Droughts w i t h i n the Browney basin occur during the pe r i o d June 

t o November as shown by the study of the 17 years of r u n o f f . The month 

w i t h the highest frequency o f low f l o w i s September, as was mentioned 

e a r l i e r . 

I n order to fo r e c a s t the occurrence and magnitude of floods and 

droughts f o r the Browney basin, the 17 years of r u n o f f records were used. 

To assemble the data f o r e i t h e r f l o o d or drought study, two methods are 

a v a i l a b l e namely, the annual maximum ser i e s and the annual exceedance 

s e r i e s (chapter 2) I n the annual maximum ser i e s f o r floods the highest 

mean d a i l y f l o w (or maximum monthly fl o w ) i s s e l e c t e d . Therefore, t h e r e 

i s one f l o o d value f o r every year. With t h i s method the second highest 

d a i l y discharge i n a year which might be higher than peaks i n other 

years i s ignored. 

Thus the data were assembled by the annual s e r i e s method For the 

f l o o d studies the data f o r highest mean d a i l y f l o w per year, as w e l l as 

the y e a r l y maximum monthly f l o w were used. For the drought study, the 

minimum monthly f l o w i n each year was considered. 

Floods The purpose f o r any f l o o d study i s t o f i n d the p e r i o d , on 

average, between two values of fl o w which equal or exceed a p a r t i c u l a r 

magnitude. This per i o d i s c a l l e d the r e t u r n p e r i o d or the recurrence 

i n t e r v a l Therefore an N years f l o w i s onp which i s expected t o be 

equalled or exceeded, on average every N years and i t has a recurrence 

i n t e r v a l ( T r ) of N years. There are several formulae used f o r the 

c a l c u l a t i o n of the recurrence i n t e r v a l and Chow (1964) r e f e r s t o them 

i n d e t a i l . The most common i s described by Weib u l l (1939) which expresses 
n+1 

Tr by the formula Tr = , where m i s the event r a n k i n g and n i s 
m 

the number of events ( f l o o d s ) . 

For the Browaey Piver the highest mean d a i l y f l o w per year f o r 
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the 17 years are arranged i n decreasing order. Using the formula -
Tr r ^-jp , the r e t u r n period f o r each f l o o d i s obtained (Table 43) 
Upon c a l c u l a t i o n of r e t u r n periods, each f l o o d i s p l o t t e d versus i t s 
r e t u r n p e r i o d on p r o b a b i l i t y paper. A s t r a i g h t l i n e i s then f i t t e d 
through the points and extended ( F i g 56). 

Based on t h i s graph, the 100-year f l o o d (0 99 p r o b a b i l i t y ) i s 74 

m /sec (36 0 mm). This value f o r the 100-year f l o o d might not be 

accurate because the e x t r a p o l a t i o n of data was based on only 17 years of 

record However, f o r the e s t i m a t i o n of fl o o d s w i t h s h o r t e r r e t u r n periods, 

the accuracy increases 

To estimate the occurrence and magnitude of monthly f l o o d s , the 

maximum monthly value of r u n o f f f o r each vear i s s elected The data 

thus obtained, are arranged i n decreasing order, as discussed e a r l i e r 

f o r c a l c u l a t i o n of d a i l y f l o o d s The recurrence i n t e r v a l f o r each r u n o f f 

event i s c a l c u l a t e d by the equation of Tr = , and each value of r u n o f f 

i s p l o t t e d against i t s r e t u r n period on a l o g - p r o b a b i l l t y paper A 

l i n e r e p r e s e n t i n g a d i s t r i b u t i o n w i t h the same mean and standard de

v i a t i o n as the series t o which the points are assumed t o belong, i s 

passed through them For the mathematical s o l u L i o n of t h i s l i n e the 

f o l l o w i n g procedure i s adopted a f t e r Bannerman (1966) 

1. The monthly values of f l o w are arranged i n decreasing order 

2. The l o g a r i t h m of these values are found. 

3. The d i f f e r e n c e between the mean of the logarithms and each of them 

i s found 

4. The value of the standard d e v i a t i o n i s c a l c u l a t e d 

5. The a n t i l o g of the mean of logarithms of the f l o w i s found. This 

represents the mean of the l o g s e r i e s . 

6. The 100-year f l o o d was then the summation of m (mean of logarithms of 

flows) and 2 33 (99 per cent p r o b a b i l i t y ) x standard d e v i a t i o n ( S ) , 

or m + 2.33 x S 
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Table 43 C a l c u l a t i o n s f o r the studies of d a i l y f l o o d s f o r 
the Browney basin a t Burn H a l l 

Date Runoff 
mm 

f l o w 
m-Vsec 

Rank (m) P r o b a b i l i t y ) 

18 Dec.1969 20 99 43 27 1 5.6 

7 Mar.1963 20.86 43 02 2 11.1 

19 Nov.1966 17.84 36.79 3 16.7 

14 Aug 1971 15.25 31.44 4 22.2 

20 Oct.1961 13.49 27 82 5 27.8 

3 Feb.1972 11 79 24 30 6 33.3 

25 Mar 1964 10 60 21.85 7 38.9 

5 Nov. 1968 9 92 20.46 8 44.4 

9 Oct.1967 8 99 18.54 9 50.0 

26 Feb.1960 7 99 16 47 10 55 6 

18 Dec 1959 7 93 16.36 11 61.1 

23 Mar.1965 7.79 16.05 12 66.7 

18 Jan.1970 7.72 15.92 13 72.2 

29 Mar 1958 7.32 15.08 14 77.8 

8 Jan.1962 5.50 11 35 15 83.3 

14 Feb 1957 4.38 9.03 16 88.9 

17 J u l y 1973 4 05 8.35 17 94.4 
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7. The a n t i l o g of m + 2 33 S was found. 

8. A s t r a i g h t l i n e was then passed through the mean of the log series 

and the p o i n t of the 100 year f l o o d on the graph, ( F i g 57 and Table 44). 

The 100-year monthly f l o o d thus c a l c u l a t e d i s 154 15 mm. 

Droughts To estimate the occurrence and magnitude of drought, the 

minimum monthly value of r u n o f f f o r each year i s s e l e cted The dala are 

thenarranged i n i n c r e a s i n g order. The r e t u r n p e r i o d f o r each monthly 

f l o w i s c a l c u l a t e d , and each value of f l o w i s p l o t t e d against i t s c o r r e s 

ponding r e t u r n period on l o g p r o b a b i l i t y paper A l i n e i s then f i t t e d 

t o these p o i n t s (Fig.57) . The procedure being s i m i l a r t o t h a t f o r f i n d 

i n g the 100-year f l o o d , except t h a t the 100-year drought was considered 

by s u b t r a c t i n g 2 33 x standard d e v i a t i o n from the mean of the l o g s e r i e s . 

The c a l c u l a t i o n s are shown i n Table 45 

Thus the 100-year drought f o r the Browney basin based on 17 years 

of record was obtained t o be 2.52 mm The l i n e of best f i t j o i n e d the 

mean (6.29 mm) t o t h i s p o i n t . 

U n i t hydrograph concept This concept, ased by Harvey (1971) 

t o i n v e s t i g a t e the seasonal f l o o d behaviour o i the River Ter i n c e n t r a l 

Essex, was adopted to study the short term d i s t r i b u t i o n of r u n o f f i n 

response t o intense storms w i t h i n the Browney basi n . A u n i t hydrograph 

( d e f i n e d as a hydrograph of u n i t depth of r u n o f f u s u a l l y 1 inch (25 4 mm)) 

and i t s m o d i f ied v e r s i o n , the d i s t r i b u t i o n graph are u s e f u l i n s tudying 

the r u n o f f patterns of watersheds of d i f f e r e n t s i z e s . 

I n order t o de r i v e the u n i t hydrogtaph of the Browney basin, auto

graphic r u n o f f records f o r the period 1956 to 1968 were considered and 

from them i s o l a t e d hydrographs of s u b s t a n t i a l r u n o f f volume were s e l e c t e d . 

However, since there were no re c o r d i n g ramgauge charts a v a i l a b l e t o 

study the i n t e n s i t y p a t t e r n of the storms p r i o r t o 1962, the r u n o f f 

r ecoids studied were l i m i t e d t o the period 1962-1968 A study of the 

hydiographs of r u n o f f due t o major storms revealed t n a t no i s o l a t e d 



180 

n — i 

VI 

\ O 

<D 
V) 8 0) 

J3 
CM 

8 
in CD in CM 

(L) 
u 

CM CM 
UI 0) 

If) 
CM If) 

<- a 

• ^ 

\ CVJ (0 

\ 0) 8 CC O) 

I 
Iff c CO 
cn 

a a: 
i—i i i i • i i o o o o o if)<d- n CM in ^ lO CM ifW n CM O O O O 

( 9|DDS DO| ) OID A|inuow jiouru 



181. 

Table 44 100-year f l o o d c a l c u l a t i o n s (monthly values) f o r 
the Browney basin at Burn H a l l 

Date 
Rank 
(m) 

Return 
peri o d 

Monthly 
r u n o f f 
mm 

Log of 
r u n o f f 

Mean - l o g 
of r u n o f f 

(d) 
d 2 

Oct.1961 1 5.6 120 00 2.079 0.301 0.091 

Mar 1963 2 11 1 110 01 2 041 0 263 0.069 

Feb 1963 3 16 7 92.01 1 964 0.186 0.035 

Mar 1969 4 22.2 82.07 1.914 0.136 0.018 

Jan.1970 5 27.8 72.90 1 863 0.085 0.007 

Jan.1972 6 33 3 68.05 1 833 0.055 0.003 

Jan.1962 7 38 9 66 31 1 822 0.044 0.002 

Feb 1960 8 44.* 66.16 1.821 0 043 0 002 

Feb.] 958 9 50 0 64 34 1.808 0 030 0.001 

Mar.1964 10 55 6 63 33 1 802 0.024 0.001 

Oct 1967 11 61.1 53 92 1 732 -0.046 0.002 

Feb 1957 12 66.7 50 02 1.699 -0.079 0 006 

Mar.1965 13 72.2 49.70 1.696 -0.082 0.007 

Dec 1959 14 77 8 42 29 1.626 -0 152 0.023 

Jan.1971 15 83.3 38 79 1.589 -0 189 0.036 

Nov.1968 16 88.9 38.77 1.588 -0.190 0 036 

May 1973 17 94 4 22.00 1 342 -0.436 0.190 

T o t a l 1100.67 30.219 0.527 

Mean 64 74 1.778 0.031 

A n t i l o g = 59 9 St Dev. 0.176 

Log 100-year f l o o d - 1.778 + 2 33 x 0.176 = 2.188 

A n t i l o g 2 188 = 154 15 mm 
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Table 45 100-year drought c a l c u l a t i o n s (monthly values) f o r 
the Browne/ basin at Burn H a l l 

Date Rank 
(m) 

Return 
period 

Monthly 
r u n o f f 
mm 

Log of 
r u n o f f 

Mean - l o g 
of r u n o f f 

(d) 
d 2 

Oct.1960 1 5.6 3 20 0 505 -0.294 0 086 

Dec.1959 2 11 1 3.26 0.513 -0 286 0 082 

Oct.1973 3 16 7 4 00 0.602 -0.197 0.039 

Jan 1971 4 22.2 4.65 0.667 -0.132 0.017 

Jan.1972 5 27.8 4 83 0 684 -0.115 0.013 

June 1957 6 33.3 5.11 0 708 -0.091 0 . 0 0 8 

Mar.1965 7 38.9 5.14 0.711 -0 088 0.008 

Sept 1964 8 44.4 5.72 0.757 -0 042 0.002 

Sept. 1970 9 50 0 6.19 0.792 -0.007 0.0001 

J u l y 1966 10 55.6 7.51 0.876 0 077 0.006 

Aug.1962 11 61.1 7.60 0 881 0.082 0.007 

Oct.1963 12 66 7 8.04 0.905 0.106 0.011 

Sept. 1961 1J 72.2 8.33 0 921 0.122 0.015 

June 1968 14 77.8 8 79 0 944 0 145 0 021 

Sept 1958 15 83.3 9 73 0.988 0 189 0.036 

Aug.1969 16 88 9 11 20 1.049 0.250 0.062 

Sept 1967 17 94.4 11.92 1 076 0 277 0.077 

T o t a l 115.22 12.579 0.490 

Mean 6.78 0.7988 0.0288 

A n t l l o g - 6.29 St. Dev. = 0.170 

l o g 100-year drought = mean of l o g ser i e s - 2.33 x St.Dsv 

- 0.7988 - 2 33 x 0.17 = 0.402 

A n t i l o g 0.402 = 2.52 mm 
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hydrograph had a r u n o f f depth of 1 inch (25 4 mm) or more I n f a c t the 

two hydrographs which were u l t i m a t e l y chosen f o r the study had d i r e c t 

r u n o f f depths of 0 61 inches (15 5 mm) and 0 24 inches (6.1 mm). The 

two storms producing these two hydrographs had depths of 2.76 inches 

(70.1 mm) and 2 48 inches (63.0 mm) r e s p e c t i v e l y . Tie mass diagrams of 

these two storms are shown i n F i g 58 As expected there i s some v a r i a 

t i o n i n the mass diagrams of these two storms. This i s because uniform 

r a i n f a l l r a t e s over an extended p e r i o d of time are uncommon Such v a r i a 

t i o n i n the r a i n f a l l i n t e n s i t y , however, i s smoothed out i n the course 

of surface d e t e n t i o n and d u r i n g d i r e c t r u n o f f . 

These two storms were those of 5th November and 8th and 9th August, 

1967. The two-hourly o r d i n a t e hydrographs of r u n o f f of these two storms 

were drawn. The baseflow was separated from t o t a l f l o w by prolonging 

the recession p a r t of the preceding f l o o d up t o the peak. From t h i s 

p o i n t a s t r a i g h t l i n e was drawn j o i n i n g i t t o a p o i n t two days a f t e r the 
0 2 

peak. The value of 0.2 was derived by using the formula N = A where 

N i s the number of days a f t e r the peak and A i s the area of the basin. 

For each storm, the two-hourly values of baseflow were subtracted 

from those of the t o t a l discharge t o get the corresponding d i r e c t r u n o f f 

v a l u e . Each o r d i n a t e was then expressed as a percentage of the sum of 

the ordinates t o get the d i s t r i b u t i o n graph. The two d i s t r i b u t i o n graphs 

were then p l o t t e d i n Fig.58. A p o i n t which should be mentioned i s t h a t 

due t o minor secondary r a m , a s l i g h t d e v i a t i o n from the normal recession 

curve occurred i n the hydrograph of 5th November. Therefore, i n de

r i v i n g the d i s t r i b u t i o n graph, ttie upper p o r t i o n of the recession limb 

has been prolonged so as t o bypass t h i s s l i g h t d e v i a t i o n Some of the 

observations made from the study of these two d i s t r i b u t i o n graphs are 

1. The t o t a l d i r e c t r u n o f f produced due t o the storm i n November was 

0.61 inches (15.5 mm) w h i l e t h a t of August was 0.24 inches (6.1 mm). 

The r u n o f f was measured by planimecering the aiea under the graphs of 
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d i r e c t r u n o f f . The r a i n f a l l producing these two r u n o f f hydrographs, as 
mentioned e a r l i e r , were 2.76 Inches (70.1 mm) and 2 48 inches (63 0 mm) 
and t h i s f e l l i n 22 and 21 hours r e s p e c t i v e l y 

2. The peri o d of r i s e i n the hydrograph of November was 16 hours and 

t h a t of August was 19 hours. 

3 The peak o r d i n a t e due t o the November p r e c i p i t a t i o n was 11.45 per 

cent as compared w] t h 16.8 per cent f o r t h a t of August. 

4. The basin l a g time f o r the storm of November was 10 hours as compared 

w i t h 8 hours f o r the August storm. 

Discussion There i s a marked d i f f e r e n c e i n the d i s t r i b u t i o n graphs of 

the two storms The depth of d i r e c t r u n o f f due t o the November storm was 

two and a h a l f times t h a t o f August The mass diagrams of the storms 

show, however, t h a t the v a r i a t i o n i n the p a t t e r n of these storms i s 

s l i g h t . This observation plus the f a c t t h a t the summer peak f l o w i s 

percentage-wise higher than t h a t of November are explained by two main 

f a c t o r s 

1. The s o i l moisture content preceding the August f l o o d was lower than 

t h a t preceding the November f l o o d . The s o i l , t h e r e f o r e , had a greater 

c a p a c i t y f o r s t o r i n g moisture during August than November and the r u n o f f 

volume i s thus lower d u r i n g the August f l o w 

2. The i n f i l t r a t i o n r a t e at the i n i t i a l stages of the f l o o d was probably 

higher i n August, because of lower s o i l moisture content and the higher 

temperature. Therefore, during August, the i n i t i a l ordmates of the 

r u n o f f hydrograph were lower and the percentage of the peak r u n o f f value 

was higher than those of November 

Thus the study of the two d i s t r i b u t i o n graphs show t h a t d u r i n g the 

summer, only r a i n f a l l i n t e n s i t i e s greater than the i n f i l t r a t i o n r a t e m]ght 

cause r u n o f f from the very beginning of r a i n f a l l . During the w i n t e r , 

however, appreciable r u n o f f may occur immediately a f t e r the s t a r t of pre

c i p i t a t i o n which g r a d u a l l y r i s e s t o a peak I n such cases the percentage 
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of peak f l o w i n the wi n t e r season i s lower. 

One more possible explanation,suggested by Harvey (1971),that might 

be given t o account f o r the discrepancy between the d i s t r i b u t i o n graphs 

of w i n t e r and summer i s t h a t , during the summer, r u n o f f occurs mainly 

from the poo r l y drained p o r t i o n of the catchment or steep v a l l e y sides, 

whereas during the w i n t e r a l l parts o f the catchment might be c o n t r i b u t i n g 

t o r u n o f f . 
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CHAPTER SEVEN 
THE ESTIMATION AND PREDICTION OF RUNOFF 

P r e d i c t i o n of r u n o f f i s q u i t e ofLen r e q u i r e d f o r the c o n s t r u c t i o n 

of h y d r a u l i c s t r u c t u r e s , i n the pr e p a r a t i o n of r i v e r f o r e c a s t s and f o r 

the e v a l u a t i o n of the e f f e c t of changes i n land use. Studies of f l o o d 

magnitude and frequency, drought magniLude and the period they l a s t are 

the core of many h y d r o l o g i c a l research p r o j e c t s Sometimes such studies 

are undertaken e i t h e r because the catchments are ungauged or because i n 

s u f f i c i e n t data are a v a i l a b l e 

Due t o d i f f e r e n c e s i n o b j e c t i v e s of r u n o f f e s t i m a t i o n , d i f f e r e n t 

methods have been developed and app l i e d Some of these methods were 

developed when the science of hydrology was i n i t s i n f a n c y , t h e r e f o r e , 

they were purely e m p i r i c a l and witho u t any sound h y d r o l o g i c p r i n c i p l e 

There are, on the other hand, examples of mathematical models which 

simulate the whole r u n o f f cycle according t o the esta b l i s h e d f i n d i n g s 

of h y d r o l o g i c research The development of such models were Lhe r e s u l t 

of a p p l i c a t i o n of d i g i t a l computers t o hydrology These models are con

t i n u o u s l y i n a staLe of change i n order t o inco r p o r a t e the latesL f i n d i n g s 

of research. 

Methods of p r e d i c t i o n 

These can be d i v i d e d i n t o e m p i r i c a l formulae, i n f i l t r a t i o n method and 

i n f i l t r a t i o n i n d i c e s , r e g r e s s i o n and g r a p h i c a l methods, the u n i t hydrograph 

method, moisture accounting methods, s i m u l a t i o n models and s t a t i s t i c a l 

methods. 

E m p i r i c a l formulae The r e l a t i o n s h i p f o r the peak r a t e of fl o w has been 

presented by the formulae of the form Q=CAn i n which 

Q - i s the peak f l o w 

A - i s the drainage area 

C - i s a f u n c t i o n of land use or topography 

n - i s a constant t h a t has a range bptween 0 2 md 0 9 'Roddn 1971) 
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An example of such formulae i s the one derived i n a study of the mean 

annual f l o o d i n a number of basins i n England and Wales where the d i s -
0 85 

charge i s given as Qm=CA (Rodda,1971) . 

Another group of e m p i r i c a l formulae are those which i n c l u d e a 

r a i n f a l l i n t e n s i t y term An example of such formulae i s the R a t i o n a l 

formula, o f t e n r e f e r r e d t o as Lloyd-Davis method (Chow,1964) The peak 

discharge i n t h i s formula i s expressed by an equation of the form 

QoCIA where 
3 

Q - i s t h e ^ f t /sec 

C - i s r u n o f f c o e f f i c i e n t which depends on drainage basin 

I - i s the r a i n f a l l i n t e n s i t y i n inches per hour 

A - i s the area of the basin i n acres 

I n f i l t r a t i o n approach Horton i n 1939 presented h i s theory of i n f i l t r a t i o n 

and suggested t h a t r u n o f f represented the d i f f e r e n c e between r a i n f a l l 

i n t e n s i t y l , and the i n f i l t r a t i o n c apacity f p , ( t h e maximum r a t e at which 

r a m can enter the s o i l , Kohler, 1963) . To use t h i s method a standard 

i n f i l t r a t i o n c a pacity curve i s drawn on an i n t e n s i t y - t i m e graph of the 

r a i n , and the area between the two curves i s estimated This method, 

however, has a veiy l i m i t e d a p p l i c a t i o n due t o the f o l l o w i n g reasons 

(Bhatnagar ,19<5?) . 

1. I n f i l t r a t i o n c apacity i s normally highest at the beginning of a 

r a i n f a l l event, w h i l e r a i n f a l l g e n e r a l l y begins at moderate r a t e s and a 

s u b s t a n t i a l p e r i o d may elapse before r a i n f a l l i n t e n s i t y exceeds the 

i n f i l t r a t i o n c a pacity and r u n o f f begins. 

2 The r a i n f a l l might occur i n t e r m i t t e n t l y and not always at r a t e s greater 

than the i n f i l t r a t i o n c apacity 

3. This method does not account f o r i n t e r f l o w . 

As a r e s u l t of these l i m i t a t i o n s s everal i n f i l t r a t i o n i n d i c e s have been 

developed which are semi-empirical and more p r a c t i c a l . One of these i s 

the "0 index" defined as the average r a i n f a l l i n t e n s i t y above which the 
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r a i n f a l l volume equals r u n o f f volume(Wilson , 1969), ( F i g . 5 9 ) . This index 

assumes t h a t the losses due t o i n t e r c e p t i o n , depression storage and s o i l 

moisture d e f i c i e n c y are par t of i n f i l t r a t i o n Another index which i s a 

more r e f i n e d v e r s i o n of the former i s c a l l e d "W-mdex" ( L i n s l e y et a l , 

1958) which i s the average i n f i l t r a t i o n r a t e d u r i n g the time i n t e r v a l 
P-O-S 

r a i n i n t e n s i t y exceeds the i n f i l t r a t i o n capaciLy, l e. W= — £ — . I n t h i s 

formula 

P - i s p r e c i p i t a t i o n 

Q - i s the t o t a l amount of r u n o f f from the storm 

S - i s the summation of i n t e r c e p t i o n and depression storages. 

L i n s l e y et a l (1958) mention t h a t these methods can be a p p l i e d t o small 

areas of homogeneous c h a r a c t e r i s t i c s w i t h a unique i n f i l t r a t i o n capacity 

curve, and t h a t they are not accurate f o r a p p l y i n g to c o n d i t i o n s of v a r i e d 

r a i n f a l l (amount, i n t e n s i t y and d u r a t i o n ) , and v a r i e d i n f i l t r a t i o n 

c h a r a c t e r i s t i c s 

Least square methods These methods are based on the development of r e 

l a t i o n s h i p s between r a i n f a l l and r u n o f f Such equations r e s u l t i n the 

e s t i m a t i o n of the discharge volume over extended periods i . e a year 

Equations of t h i s type were derived f o r the Browney basin i n the preced

i n g chapter. As can be observed (p 16o) these equations have the form 

r u n o f f = a x p r e c i p i t a t i o n - b i n which 

a - i s a constant 

b - i s the t h r e s h o l d of p r e c i p i t a t i o n below which there i s no r u n o f f . 

Chow (1964) r e f e r s t o an example where i n c l u s i o n of a mean annual temp-

e r a t u i e term r e s u l t e d i n a s a t i s f a c t o r y r e l a t i o n s h i p between r a i n f a l l and 

r u n o f f being d e r i v e d . 

The dependence of r u n o f f on other important f a c t o r s , however, pre

cludes any accurate s h o r t period e s t i m a t i o n by r a i n f a l l alone Therefore, 

attempts have been made t o r e l a t e r u n o f f Lo several other important 

f a c t o r s by means of m u l t i p l e regression equations Tne f a c t o r s considered 
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were r a i n f a l l c h a r a c t e r i s t i c s ( i n t e n s i t y and d u r a t i o n ) , s o i l moisture 
c o n d i t i o n s p r i o r t o r a i n f a l l , days t o l a s t r a i n , i n i t i a l f l o w at the time 
of beginning of the r a i n event and baseflow i n the stream p r i o r t o the 
storm. 

Out of these d i f f e r e n t f a c t o r s , r a i n f a l l i n t e r c i t y , d u r a t i o n and 

s o i l moisture c o n d i t i o n s p r i o r t o the storm were chosen t o r e l a t e t o 

r u n o f f i n m u l t i p l e r e g r e s s i o n equations. The i n t e n s i t y and d u r a t i o n of 

r a i n f a l l could e a s i l y be found from autographic r a m c h a r t s . Determin

a t i o n of s o i l moisture c o n d i t i o n s , however, was complicated. This com

p l i c a t i o n was the r e s u l t of s p a t i a l v a r i a t i o n s of s o i l moisture w i t h i n 

a watershed and consequently e m p i r i c a l i n d i c e s were employed The index 

commonly used i n the U S A . i s c a l l e d the antecedent p r e c i p i t a t i o n index. 

This index i s defined by Kohler et a l ( 1 9 5 1 ) as A P I B A J ^ A 2 P 2 + . . , A R P, 

(Chow,1964) I n t h i s formula 

P n - i s the p r e c i p i t a t i o n n days before the storm 

A - i s a constant n 
Since the c a l c u l a t i o n of the index on a day by day basis was 

d i f f i c u l t , the index was c a l c u l a t e d by assuming t h a t d e p l e t i o n of s o i l 

m oisture i s p r o p o r t i o n a l t o the a v a i l a b l e storage l e I = I o K n where 

I o - i s the i n i t i a l value of the index (mm) 

I - i s the index value n days l a t e r 

K - i s a recession constant v a r y i n g between 0 8 5 and 0 . 9 8 w i t h 
an average value about 0 . 9 2 (Chow , 1 9 6 4 ) . 

According t o t h i s formula i f n = l , then the value of any day i s K times 

t h a t of the preceding one I f any p r e c i p i L a t i o n occurs, the index i s 

increased by the amount of p r e c i p i t a t i o n which i s recorded. 

One of the l i m i t a t i o n s of t h i s index i s t h a t by assuming K t o be 

constant, no account i s taken of e v a p o t r a n s p i r a t i o n v a r i a t i o n s This 

defect has, however, been c o r r e c t e d by i n c l u s i o n of a calendar date as 

an independent v a r i a b l e upon which r u n o f f depends. The measure of 

calendar date was considered t o be the week of the year. Kohler et a l 
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(1951) used A.P I , week of year and storm d u r a t i o n and developed r e 
l a t i o n s h i p s between storm r u n o f f and p r e c i p i t a t i o n This r e l a t i o n s h i p 
was presented by a g r a p h i c a l method of c o - a x i a l form. An example 
of t h i s method f o r computing storm r u n o f f i n the River Thames at Teddington 
i s given i n Fig.60 Tc estimate storm r u n o f f from such a r e l a t i o n s h i p , 
the value of the antecedent p r e c i p i t a t i o n index i s determined and entered 
i n chart A A h o r i z o n t a l l i n e i s drawn to i n t e r s e c t the week number 
A v e r t i c a l l i n e from the week number curve i s then drawn t o i n t e r s e c t 
the storm d u r a t i o n l i n e and from there a h o r i z o n t a l l i n e i s drawn t o i n t e r 
sect the storm p r e c i p i t a t i o n curve A v e r t i c a l l i n e from t h i s l a s t i n t e r 
s e c t i o n p o i n t i n d i c a t e s the storm r u n o f f 

U n i t hydrograph method The basic theory behind the u n i t hydrograph 

( u n i t graph) method was o u t l i n e d by Sherman i n 1932 This theory has been 

one of the most important c o n t r i b u t i o n s t o the science o l hydrology and 

i s used t o sLudy r a i n f a l l - r u n o f f r e l a t i o n s h i p s . The r e s u l t s of the 

a p p l i c a t i o n of the u n i t graph method i n r u n o f f studies have o f t e n been 

used i n the design of h y d r a u l i c and f l o o d p r o t e c t i o n s t r u c t u r e s 
ct 

A u n i t hydrograph was defined i n the preceding chapter as hydrograph 

of u n i t depth of r u n o f f ( u s u a l l y 1 inch or 25 4 r.un) . The storm of 

e f f e c t i v e r a i n f a l l producing r u n o f f i s assumed t o be u n i f o r m l y d i s t r i 

buted over the catchment during a s p e c i f i c per:od of time. I n the o r i g i n a l 

paper of Sherman surface r u n o f f was considered t o be the only water 

c o n t r i b u t i n g t o the u n i t graph. This was because the concept of i n t e r 

f l o w was not known at t h a t time A f t e r the r e c o g n i t i o n of t h i s concept, 

the term d i r e c t r u n o f f was used instead (Barnes,1959) The use of the 

word " u n i t " i n the d e f i n i t i o n has r e s u l t e d i n some confusion Chow (1964) 

s t a t e s t h a t Sherman's o r i g i n a l use of the word " u n i t " was to denote a 

" u n i t of time" of e f f e c t i v e p r e c i p i t a t i o n , which l a t e r was i n t e r p r e t e d 

as u n i t depth of e f f e c t i v e r a i n f a l l The assumptions of the u n i t hydro-

graph are g i v e n by Barnes (1959) 
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(a) Hydrographs of r a i n f a l l of the same d u r a t i o n have the same 
time base. 

(b) Hydrographs of r u n o f f produced by r a i n f a l l s of s i m i l a r d u r a t i o n , 

but d i f f e r e n t i n t e n s i t i e s , have ordinates p r o p o r t i o n a l t o t h e i r r a i n f a l l 

i n t e n s i t i e s . I n other words, i f one r a i n f a l l i s m times the other, the 

or d i n a t e s of i t s r u n o f f hydrograph i s m times the other one as w e l l 

( F i g 61). 

(c ) The r a i n f a l l i n t e n s i t i e s are uniform both i n time and space. 

(d) The r u n o f f f o l l o w i n g the storm i s not a f f e c t e d by the m e l t i n g 

of snow or i c e . 

(e) The storm peri o d i s comparatively i s o l a t e d i n the recor d 

I t f o l l o w s a perio d of low streamflow and tt i e r e i s no f u r t h e r r a i n f a l l 

u n t i l the peak i s w e l l passed 

Barnes (1959) dis c u s s i n g the v a l i d i t y of the assumptions, mentions 

t h a t assumption (a) i s i n no way e s s e n t i a l This, he ex p l a i n s , i s because 

a l a r g e f l o w w i l l take longer t o recede. Assumption (b) i s known as 

the p r i n c i p l e of s u p e r p o s i t i o n or p r o p o r t i o n a l i t y and i s the basic e l e 

ment of the conventional u n i t hydrograph The e f f e c t of minor d i f f e r 

ences i n d u r a t i o n i s not s i g n i f i c a n t and a tol e r a n c e of 25 per cent from 

the e s t a b l i s h e d d u r a t i o n i s acceptable ( L i n s l e y et a l ,1958) . 

The v a l i d i t y of assumption (c) i s by f a r the most important f o r 

the a p p l i c a t i o n of the u n i t graph method This i s because storms w i t h 

d i f f e r e n t i n t e n s i t i e s over d i f f e r e n t periods of time produce d i f f e r e n t 

u n i t hydrographs Basin s i z e i s very important i n t h i s respect Over 

a l a r g e basin the assumption of u n i f o r m i t y of r a i n f a l l w i l l not hol d 

and i n such cases i f a hydrograph of r u n o f f has r e s u l t e d from a r a i n f a l l 

moving downstream, a high peak would r e s u l t whereas the peak would be 

much lower i f i t r e s u l t e d from r a i n f a l l moving upstream. L i n s l e y et a l 
2 2 

(1958) put a l i m i t a t i o n of 2000 mi (5108 km ) as the upper s i z e l i m i t 

f o r basins on which the assumptions of the u n i t graph might h o l d . 
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Syn t h e t i c u n i t graph The lack of a c t u a l data i n many watersheds and the 
u t i l i t y of the u n i t hydrograph i n f l o o d studies f o r the p r e d i c t i o n of 
hydrographs of a c t u a l storms, r e s u l t e d i n some i n v e s t i g a t i o n t o de r i v e 
s y n t h e t i c u n i t graphs These were derived by a c o n s i d e r a t i o n of measur
able basin c h a r a c t e r i s t i c s and c o r r e l a t i o n of them w i t h u n i t graph e l e 
ments The basin features considered were basin area, shape, topography, 
channel slopes, stream d e n s i t y and channel storage The elements o f 
the hydrograph which were considered necessary f o r the synthesis of u n i t 
graph5were three 

1 - The time i n t e r v a l between the centre of mass of the excess r a i n 

f a l l and the peak discharge ( b a s i n l a g ) . 

2 - The peak discharge 

3 - The time base of the u n i t graph 

Examples of research on s y n t h e t i c u n i t graphjare those Snyder (1938), 

L i n s l e y (1943) and Taylor et a l (1952) produced The r e l a t i o n s h i p s de

veloped by Snyder (1938) f o r u n i t graphs of basins i n the Appalachian 

Mountains as the r e s u l t of a r a i n f a l l of d u r a t i o n tp/5.5, t p being the 

time l a g i n hours, i s given by the f o l l o w i n g equations 

fcP " C t < L L c / 3 

Q = 640 C kit P P P 

B = 3 + 3tP/24 

t p - time l a g i n hours 

C - a c o e f f i c i e n t w i t h an average value of 2.0 

L - l e n g t h of main streams from the o u t l e t t o the upstream d i v i d e 

L„ - l e n g t h i n miles along the main stream from the gauging s t a t i o n 
\i3L 

to a p o i n t opposite (nearest) t o the c e n t r o i d 

Qp - u n i t hydrograph peak discharge i n c f s 

C - a c o e f f i c i e n t of 0 625 P 

B - time base of u n i t graph i n days 

A - drainage area i n square miles 
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For other durations of r a i n f a l l excess ( T ) , the adjusted l a g i s 
T p » = 0.25 (T-V5 5) which i s to be s u b s t i t u t e d f o r t _ . 

Knowing these q u a n t i t i e s and the f a c t t h a t the volume under the 

curve represents one inch of r u n o f f , the u n i t graph can be drawn. 

Morgan (1962) mentions t h a t s y n t h e t i c u n i t graphs may d i f f e r w i dely 

from the a c t u a l u n i t graph From an a n a l y s i s of s y n t h e t i c u n i t graphs, 

he found t h a t peak f l o w v a r i a t i o n s were between 198 per cent above and 

69 per cent below the a c t u a l observed peak flows f o r twelve selected 

basins and he suggested t h a t u n i t graphs should be obtained from a c t u a l 

data when records permit. 

D i s t r i b u t i o n graph I f the ordinates of a u n i t graph are presented as a 

percentage of the sum of a l l o r d i n a t e s , a s e r i e s of dimensionless numbers 

are obtained which d e f i n e the r u n o f f c h a r a c t e r i s t i c s of a basin The 

p l o t of these values represents the d i s t r i b u t i o n graph which was o r i g i n 

a l l y suggested by Bernard (1935) Such a graph was used to study the 

r u n o f f p a t t e r n s of the Browney basin during the summer and w i n t e r seasons 

(chapter 6 ) , ( F i g 62) 

Moisture accounting methods Runoff has been f r e q u e n t l y determined by 

the moisture accounting technique The simplest technique i s t h a t which 

assumes one f i x e d moisture h o l d i n g c a p a c i t y f o r the s o i l From t h i s 

r e s e r v o i r , water i s depleted by e v a p o t r a n s p i r a t i o n and i s recharged by 

p r e c i p i t a t i o n Runoff would then occur when p r e c i p i t a t i o n i s i n excess 

of the moisture d e f i c i e n c y , 1 e R=P-Et-D or r u n o f f i s equal t o the 

a l g e b r a i c summation of p r e c i p i t a t i o n , e v a p o t r a n s p i r a t i o n and s o i l moisture 

d e f i c i e n c y p r i o r t o the storm Examples of t h i s type of approach are 

those of Penman (1949) and Thornthwaite and Mather (1955). There are 

several l i m i t a t i o n s associated w i t h t h i s approach One of these l i m i t 

a t i o n s i s explained by the f a c t t h a t there are areas w i t h appreciable 

d e f i c i e n c i e s from which s u b s t a n t i a l r u n o f f occurs w i t h o u t s a t i s f y i n g the 

s o i l moisture demand. Anotner l i m i t a t i o n i s due t o the u n c e r t a i n t y about 
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(Redrawn from an original by 
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the r e l a t i o n s h i p between p o t e n t i a l and a c t u a l e v a p o t r a n s p i r a t i o n when 
the s o i l moisture content i s below f i e l d c a pacity The assumption of a 
s i n g l e value f o r s o i l moisture storage i n the Thornthwaite and Mather 
method i s not v a l i d because of s p a t i a l v a r i a t i o n s i n s o i l moisture con
t e n t from p o i n t t o p o i n t w i t h i n a basin. 

I n 1957 Kohler suggested the concept of the two capacity storage 

technique (Kohler and Richard, 1962). According t o t h i s concept the 

t o t a l s o i l moisture c a p a c i t y consists of two porLions l e. the upper 

storage and the lower storage. The cap a c i t y of the upper zone i s about 

one inch (25 4mm),while t h a t of lower zone i s several inches He then 

assumed t h a t e v a p o t r a n s p i r a t i o n depletes the upper l e v e l a t the p o t e n t i a l 

r a t e and any subsequent demand f o r Et i s s a t i s f i e d from the lower zone 

p r o p o r t i o n a l t o the moisture a v a i l a b l e l e d e p l e t i o n of the lov e r zone 

occurs when the upper zone storage i s exhausted P r e c i p i t a t i o n would 

f i r s t s a t i s f y the upper layer storage and then c o n t r i b u t e t o t h a t of the 

lower zone Runoff, t h e r e f o r e , would be the p r e c i p i t a t i o n i n excess of 

the d e f i c i e n c y of the two storage l e v e l s . 

Comparing t h i s two storage capacity concept w i t h the s i n g l e storage 

concept, the former has the advantage of accounting f o r increased eva

p o t r a n s p i r a t i o n f o l l o w i n g a dry perio d (Kohler and Richard, 1962), w h i l e 

i n the l a t t e r method since the r a t i o of a c t u a l t o p o t e n t i a l Et i s assumed i n 

p r o p o r t i o n t o the a v a i l a b l e moisture, no storm, unless b i g enough t o 

s a t u r a t e the basin, can account f o r increased e v a p o t r a n s p i r a t i o n f o l l o w 

i n g a dry weather p e r i o d . 

F o l l o w i n g the concept of the two capacity storage, Kohler et a l 

(1962) suggested the m u l t i - c a p a c i t y storage technique According t o t h i s 

concept the d i s t r i b u t i o n curve of s o i l moisture storage i s represented 

by several values i e 2 inches (5 1 mm), 5 irehes (127.0 mm), 10 inches 

(254 0 mm) and 20 inches (508 0 mm) This r e p r e s e n t a t i o n uas i n consider

a t i o n of the s p a t i a l v a r i a t i o n s of s o i l moisture content throughout the 
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basin and i s i n accordance w i t h the Penman method a p p l i e d t o the study of 
the water balance of the Stour catchment (Penman,1950). 

Day by day moisture d e f i c i e n c y i s computed f o r each of these 

storages independently The assumption i s made t h a t the d e p l e t i o n of s o i l 

moisture occurs by e v a p o t r a n s p i r a t i o n a t the p o t e n t i a l r a t e as long as 

the d e f i c i e n c y i s less than the assumed cap a c i t y The average basin moi

s t u r e d e f i c i e n c y i s then considered t o be the weighted mean of d e f i c i e n 

c i es of the c a p a c i t i e s . The weights used by Kohler et a l (1962)were deter

mined by c o r r e l a t i o n a n a l y s i s , so t h a t the best index of storm r u n o f f 

was obtained 

To estimate r u n o f f from the d e f i c i e n c y index thus obtained, he 
n l / n 

suggested a r e l a t i o n s h i p of the form Qt= (p + d ) - d should be 

adopted f o r the d e r i v a t i o n of storm r u n o f f , where 

Qt - i s the t o t a l r u n o f f i n inches 

P - i s the p r e c i p i t a t i o n i n inches 

d - i s the mean weighted d e f i c i e n c y 

n - i s a derived f u n c t i o n of s o i l moisture always greater than 

one given by the r e g r e s s i o n equation n=C+Kd w i t h C a constant, 

and K the regre s s i o n c o e f f i c i e n t 

The i n i t i a l values of C and K were suggested t o be 2 0 and 0.5 which could 

then be changed i f the r u n o f f thus c a l c u l a t e d d i d noL compare c l o s e l y 

w i t h the observed value d u r i n g a perio d of time This equation i s i n f a c t 

t h a t of a se r i e s of curves which approach d e f i c i e n c y a s y m p t o t i c a l l y , 

( F i g 63) and d i f f e r from the t h r e s h o l d concept of Thornthwaite. This 

equation assumes t h a t r u n o f f i s n e g l i g i b l e at tne beginning of p r e c i p i 

t a t i o n and t h a t p r e c i p i t a t i o n minus r u n o f f approaches the d e f i c i e n c y asym

p t o t i c a l l y as p r e c i p i t a t i o n continues 

S i m u l a t i o n methods Simulation i s defined as the i n d i r e c t i n v e s t i g a t i o n 

o f the response or behaviour of a system (Crawford and L n s l e y .1966) . 

Sim u l a t i o n methods are d i v i d e d i n t o p h y s i c a l , a r a l o g and d i g i t a l Lyje-
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Out of these d i f f e r e n t methods of s i m u l a t i o n , d i g i t a l ones appear t o 
have been developed most f o r the e s t i m a t i o n of continuous f l o w data. 
W i t h i n the category of d i g i t a l s i m u l a t i o n , the Stanford Watershed Model, 
i s the f i r s t f u n c t i o n i n g model and by f a r the most w i d e l y a p p l i e d one 
(James, 1972) . 

The Stanford Watershed Model i s a d e t e r m i n i s t i c conceptual non

l i n e a r mathematical model which has been p r o g r e s s i v e l y developed d u r i n g 

the p e r i o d of 1959-1966 at the C i v i l Engineering Department of Stanford 

U n i v e r s i t y The o r i g i n a l reason f o r undertaking the work was t o develop 

a model which could be used as a device t o synthesize r i v e r f l o w data 

t o supplement short records f o r the e s t i m a t i o n and p r e d i c t i o n of peak 

f l o w frequencies as w e l l as r u n o f f volume and water balance c a l c u l a t i o n s . 

The model has, however, been found u s e f u l i n the e v a l u a t i o n of the e f f e c t 

o f a r t i f i c i a l changes i n the h y d r o l o g i c a l regimes of catchments and as 

a means of e x p l o r a t i o n of the r u n o f f process f o r an improved under

standing of hydrology. 

The f i r s t model when developed, was r e p o r t e d by L i n s l e y and Crawford 

i n 1960. I n t h i s model d a i l y r a i n f a l l and e v a p o t r a n s p i r a t i o n values 

were the mam h y d r o l o g i c a l data fed as in p u t and d a i l y r u n o f f was the 

output of the model. The r e s u l t s of r u n o f f simulated from t h i s model 

were not p a r t i c u l a r l y accurate. The reason could p o s s i b l y be explained 

by the use of d a i l y r a i n f a l l values which were used t o d i v i d e the major 

storms between two days, even though the t o t a l d u r a t i o n of such storms 

may have bton considerably less than 24 hours 

The Stanford Watershed Model I I was r e p o r t e d i n 1963 (Crawford and 

Li n s l e y , 1 9 6 3 ) . The main in p u t h y d r o l o g i c a l data i n the model were the 

ho u r l y r a i n f a l l and d a i l y e v a p o t r a n s p i r a t i o n r a t e s from the catchment 

The output from the model was a continuous hydrograph. Some of the 

v a r i a b l e s i n t h i s model were f i t t e d semi-automatically by the i n s e i t i o n 

of a subroutine When t h i s subroutine was i n use, r i v e r f l o w data and 
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selected values of d a i l y groundwater f l o w had t o be provided as a d d i t i o n a l 
i n p u t data The computer s t a r t s the c a l c u l a t i o n w i t h a set of values 
f o r v a r i a b l e s which had been assumed by the operator on the basis of 
experience and when a month's value had been computed, the machine com
pared the computed montlily t o t a l r i v e r flow and the groundwater f l o w w i t h 
the observed I f these values were not w i t h i n a pre-set t o l e r a n c e , the 
machine a u t o m a t i c a l l y selected new values f o r v a r i a b l e s f o l l o w i n g i n 
s t r u c t i o n s given i n the subroutine and repeated the computation f o r the 
month The constants determined by the machine f o r each month were not 
completely c o n s i s t e n t and some smoothing was r e q u i r e d t o give a s i n g l e 
set of values f o r use i n r i v e r flow synthesis A f t e r v o l u m e t r i c a d j u s t 
ments were made, the hydrograph of Lhe major storms were compared w i t h 

the computed ones and adjustment was made to give the best f i t The 
2 

model was t e s t e d on e i g h t watersheds ranging i n s i z e from 22-88 mi 
2 

(57-228 km ) and w i t h mean annual r a i n f a l l s of between 23 (589 mn) and 

54 (1373 mm) inches. Errors i n the values of peak flows on two of the 

f l o o d hydrographs shown i n the paper were approximately 20 per cent and 

the mean d a i l y f l o w and time of f l o o d i n some cases exceeded 100 per 

cent Nevertheless the e r r o r s were said t o be random and the frequency 

d i s t r i b u t i o n c h a r a c t e r i s t i c s of the desired s e r i e s agreed w e l l w i t h the 

observed data 

The f i n a l r e s u l t s of the pioneering research on watershed modelling 

at S tanford were given i n 1966 i n a d e t a i l e d r e p o r t by Crawford and 

L i n s l e y The f l o w chart of the Stanford Watershed Model IV i s shown i n 

F i g 64. I n c i d e n t r a i n f a l l , according t o t h i s c h a r t , i s f i r s t s u bject 

t o the o p e r a t i o n of i n t e r c e p t i o n storage This i s done by d i v e r t i n g the 

moisture f o r i n t e r c e p t i o n u n t i l the storage i s f u l l T h e r e a f t e r , a l l of 

the r a i n f a l l (minus e v a p o t r a n s p i r a t i o n loss from i n t e r c e p t i o n storage) 

i s subject t o the opera t i o n of impervious area which immediately r e s u l t s 

i n r u n o f f and channel i n f l o w Simultaneously the r a i n f a l l i s euDjecc 
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t o i n f i l t r a t i o n i n pervious parts of the catchment which determines the 

amount of moisture p e n e t r a t i n g the s o i l surface. The remainder i s 

subject t o d i v e r s i o n i n t o depression storage or might r e s u l t i n over

land f l o w , i n t e r f l o w and delayed i n f i l t r a t i o n t o the lower zone storage. 

The part of the r a i n f a l l which has i n f i l t r a t e d down the s o i l p r o f i l e 

t o the groundwater l e v e l , plus the f r a c t i o n of delayed i n f i l t r a t i o n from 

the upper zone i s subject t o ope r a t i o n of lower zone Some of t h i s 

moisture would add up t o the lower zone storage, from which evapotrans

p i r a t i o n demand, not s a t i s f i e d from the upper zone and i n t e r c e p t i o n storage, 

w i l l occur at a r a t e p r o p o r t i o n a l t o the r a t i o of c u r r e n t storage and 

nominal storage. Excess moisture would then be subject t o a c t i v e giound-

water storage or i n a c t i v e storage. A c t i v e storage w i l l c o n t r i b u t e t o 

channel i n f l o w and w i l l s a t i s f y any l e f t over e v a p o t r a n s p i r a t i o n demand 

Channel i n f l o w due t o the presence of impervious areas, surface r u n o f f , 

i n t e r f l o w and groundwater f l o w are a l l summed up and they become subject-

t o channel time delay and r o u t i n g , the r e s u l t of which would be the 

simulated streamflow Crawford and L i n s l e y (1966) represented each of 

the above mentioned processes by an equation, which i s the same f o r a l l 

the watersheds Tney also used two sets of f a c t o r s i . e . measured para

meters, which are determined by each researcher using the i n f o r m a t i o n 

from the hydrometeorological maps and data and the f i t t e d parameteis which 

are t o be es t a b l i s h e d by t r i a l and e r r o r methods i . e . s i m u l a t i n g a p e r i o d 

of r u n o f f w i t h one set of values, and comparing the r e s u l t s w i t h the 

a c t u a l r u n o f f during the p e r i o d . Those cets of values would be selected 

t h a t give the c l o s e s t f i t between the a c t u a l and simulated r u n o f f . Dawdy 

and O'Donnell (1965) mention t h a t the Stanford Watershed Model seems t o 

p o i n t the way t o a new approach t o an o l d problem. The model since i t s 

development i n 1966, has been ap p l i e d t o many watersheds i n the U S A 

The Stdnford Watershed Model has gone through a number of changes 

bince 1966 by Crawford The r e s u l t of the l a t e s t development published 
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i s a new model c a l l e d Hydrocomp Simulation Programming (Hydrocomp I n t e r 
n a t i o n a l , 1970), i n c o r p o r a t i n g a much more s o p h i s t i c a t e d r o u t i n g technique. 
This new r o u t i n g technique c a l l e d the ''Kinematic Wave" approach uses the 
a c t u a l channel dimensions, roughness c o e f f i c i e n t s and c a l c u l a t e s con
tinuous stage and f l o w v e l o c i t i e s throughout the system 

S t a t i s t i c a l methods These methods are based on the a p p l i c a t i o n of mathe

m a t i c a l p r i n c i p l e s t o a v a i l a b l e data t o p r e d i c t frequency of occurr

ence of fl o o d s and droughLs of d i f f e r e n t magnitudes An example of these 

methods was used i n chapter 6 t o p r e d i c t 100-year f l o o d and 100-year 

drought f o r the Browney basin 
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CHAPTER EIGHT 

THE APPLICATION OF THE STANFORD WATERSHED MODEL IV TO THE BROWNEY BASIN 

The Stanford Watershed Model has been a p p l i e d t o many watersheds 

i n the U S.A. since i t s development i n 1966. However, i t s a p p l i c a t i o n 

t o catchments i n other c o u n t r i e s has been r a t h e r l i m i t e d . I n the United 

Kingdom there have been some works done on s i m u l a t i o n of the River Clyde 

i n Scotland by the Stanford Watershed Model IV (Fleming,1970 and Eunny, 

1973) . I n these studies the perio d of s i m u l a t i o n has L e e n l i m i t e d t o 

two years, one year f o r o p t i m i z a t i o n and the other f o r t e s t i n g the 

accuracy of optimized parameters. 

Crawford and L i n s l e y (1966), however, suggest the use of two t o 

three years of recor d t o r o p t i m i z a t i o n ot parameters and a s i m i l a r l e n g t h 

of time t o t e s t the v a l i d i t y of optimized parameters Therefore, t o 

simulate r u n o f f from a watershed by t h i s model, a minimum of four years 

of r e c o r d should be a v a i l a b l e 

One of the reasons f o r the l i m i t e d a p p l i c a t i o n of the model t o 

B r i t i s h r i v e r s could be d i f f i c u l t y which i s o f t e n experienced i n c o l l e c t 

i n g and processing the data which <LYe l e q u i r e d f o r the s i m u l a t i o n . For 

example t o o b t a i n one year's data of h o u r l y r a i n f a l l , a t o t a l of 8760 

values have t o be read v i s u a l l y from r a i n c h a r t s . Considerable time has 

als o t o be spent i n re c o r d i n g and processing m e t e o r o l o g i c a l data f o r the 

d e r i v a t i o n of the Penman estimate of e v a p o t r a n s p i r a t i o n . 

I n order t o apply the model t o the Browney basin a search was made 

of the a v a i l a b l e raingauge charts of the r e c o r d i n g Casella gauge at the 

Durham U n i v e r s i t y Observatory t o decide on the number of years f o r which 

the model could be run. U n f o r t u n a t e l y many of the charts p r i o r t o 

January 1969 were missing and records were f a u l t y owing t o the mal

f u n c t i o n i n g of the re c o i d e r ' s pen. Therefore, the perio d of run selected 

s t p r t c d on 1st January, 1969 and continued u n t i l 30th September ,1973. 
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Hourly r a i n f a l l f o r t h i s p e r i o d was read v i s u a l l y from the charts and 
punched onto computer cards. 

D a i l y e v a p o t r a n s p i r a t i o n data f o r the same penod were c a l c u l a t e d 

by the Penman formula using d a i l y c l i m a t o l o g i c a l data. I n view of the 

f a c t t h a t the Penman EO2 values were shown t o be more r e p r e s e n t a t i v e of 

catchment e v a p o t r a n s p i r a t i o n than Penman EO^ and Penman Et estimates, 

(chapter 5 ) , the Penman EO2 was taken as the p o t e n t i a l e v a p o t r a n s p i r a t i o n 

i n p u t data i n the f i n a l o p t i m i z a t i o n of parameters and s i m u l a t i o n of the 

catchment. During the i n i t i a l t e s t i n g of the model, however, the r e s u l t s 

of e v a p o t r a n s p i r a t i o n measurement study were not a v a i l a b l e and so the 

in p u t e v a p o t r a n s p i r a t i o n data were those of Penman Et. The d a i l y values 

f o r e v a p o t r a n s p i r a t i o n used were the average d a i l y values of every t h i r d 

of a month (10 days). This procedure was f o l l o w e d because the Penman 

formula i s more accurate f o r e s t i m a t i o n of Et over longer periods. 

Model o p e r a t i o n and d e s c r i p t i o n of parameters The F o r t r a n IV v e r s i o n 

of the Stanford Model, used i n t h i s study, has been t r a n s l a t e d from Sub 

A l g o l ( o n g - nal language of the model) by E.A.Anderson of U.S Weather 

Bureau. Operation of the model i n the F o r t r a n v e r s i o n s t a r t s by accept

i n g i n p u t from a number of r e c o r d i n g gauges (max. f i v e ) and i t then 

c o n t i n u o u s l y c a l c u l a t e s r i v e r f l o w values at several p o i n t s along the 

r i v e r channel (max. ten) c a l l e d f l o w p o i n t s . The f l o w p o m t s are u s u a l l y 

s i t u a t e d a t the r i v e r gauging s t a t i o n s The r u n o f f c o n t r i b u t i n g area 

of each f l o w p o i n t i s d i v i d e d i n t o segments so t h a t there are one or 

more segments f o r each r e c o r d i n g gauge. The boundaries of these segments 

are decided upon by topographic c o n s i d e r a t i o n or by c o n s t r u c t i n g a 

Thiessen network, (Thiessen .1911) 

For the basin under study t h e r e i s only one r e c o r d i n g ramgauge 

The whole area has, t h e r e f o r e been considered t o represent one segment 

and the n v e r f l o w has been simulated at one f l o w p o i n t which coincides 

w i t h the r i v e r gauging s t a t i o n at "urn H a l l 



F i g s . 65 and 66 show the items of in p u t and t h e i r corresponding 

formats r e q u i r e d f o r running the model. The f i r s t f i g u r e shows t h a t 

a l l the parameters (measured and f i t t e d ) and supplementary i n f o r m a t i o n 

(e.g. name of the basin) are l i s t e d on 15 cards. The in p u t data on 

these cards are explained i n the f o l l o w i n g paragraph--. Throughout the 

program 1 means yes and 0 means no. 

1st Card - I n f o r m a t i o n concerning the run (INFRO) 

2nd Card - Basin name. (BASIN) 

3rd Card - (1) F i r s t month of the f i r s t year. (MOl) 

(2) Last two d i g i t s of the f i r s t year. (YR1) 

(3) Last month of the second year. (M02) 

(4) Last two d i g i t s of the second year. (YR2) 

(5) Number of flo w p o i n t s i n the r u n . (NPTS) 

4th Card 

5th Card 

6th Card 

7th Card 

(6) Number of gauges i n the p r e c i p i t a t i o n 
i n p u t stream. 

(7) Number of p r e c i p i t a t i o n gauges used 
i n the r u n . 

(8) The gauges i n the i n p u t stream t o be 
used i n the order they are t o be assigned 
e.g. PXIN = 10, NGAGES = 3, RGIN = 8,2,6. 
Then the 8th gauge i n the i n p u t stream 
would be gauge 1 f o r the run etc 

(1) Output h o u r l y flows above preset base 
i f yes. 

(2) Exponent of the i n f i l t r a t i o n curve 
equation 
B_- SS 

/ \POWER 
/LZS/ I 
I 'LZSNJ 

(3) Wt. f a c t o r i n equation 
UZSNT = UZSN + UZSNWF x AEPI 

Monthly p o t e n t i a l e v a p o t r a n s p i r a t i o n 
adjustment f a c t o r . 

Raingauge PE adjustment f a c t o r . 

(1) Raingauge name. 

(2) 5 a t i o of average segment r a i n f a l l t o 
average gauge r a i n f a l l . 

(PXIN) 

(NGAGES) 

(RGIN) 

(OUTHER) 

(POWER) 

(UZSNWF) 

(PEADJ) 

(GAGEPE) 

(RGN) 

( K l ) 
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(3) Impervious a r e a ( f r a c t i o n ) . (IMPV) 

(4) I n t e r c e p t i o n storage maximum v a l u e 

( i n c h e s ) . (EXPM) 

(5 ) Nominal upper zone s t o r a g e ( i n c h e s ) (UZSN) 

(6) Nominal lower zone s t o r a g e ( i n c h e s ) . (LZSN) 

(7 ) I n f i l t r a t i o n index (CB) 

(8) i n t e r f l o w index (CC) 

(9) A cLual e v a p o t r a n s p i r a t i o n l o s s index. (K3) 

(10) P o r t i o n of groundwater r e c h a r g e , a s s i g n e d 

to deep p e r c o l a t i o n ( f r a c t i o n ) . (K24L) 

(11) E v a p o t r a n s p i r a t i o n from groundwater (K24EL) 

8th Card - (1) Overland flow l e n g t h . ( L ) 

( 2 ) Overland flow s l o p e . ( S S ) 

(3 ) Manning's n f o r o v e i l a n d flow. (NN) 

(4) I n t e r f l o w r e c e s s i o n r a t e . ( I R C ) 

(5 ) Groundwater r e c e s s i o n r a t e (KK24) 

(6 ) Groundwater r e c e s s i o n v a r i a b l e output (KV) 

9th Card - ( 1 ) I n i t i a l upper zone st o r a g e ( i n c h e s ) . (UZS) 

(2) I n i t i a l lower zone storage ( i n c h e s ) (LZS) 

(3) Groundwater storage ( i n c h e s ) (SGW) 

(4) Groundwater s l o p e . (GWS) 

(5) I n i t i a l s u r f a c e d e t e n t i o n s t o r a g e 
( i n c h e s ) . (RES) 

(6 ) I n i t i a l i n t e r f l o w d e t e n t i o n s t o r a g e 

( i n c h e s ) . (SRGX) 

(7) I n i t i a l i n t e r c e p t i o n s t o r a g e ( i n c h e s ) . (SCEP) 

(8) Antecedent p o t e n t i a l e v a p o t r a n s p i r a t i o n 

index. (AEPI) 

10th Card - ( 1 ) Flow point name. (FPN) 

(2 ) Area,square m i l e s . (AREA) 

( 3 ) Channel aLtenuaLion parameter con s t a n t K (KS1) 

(4) V a r i a o l e K J£ yci. (VARK) 
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(5 ) Vary l a g i f y e s . 

(6 ) Routing i n t e r n a l - H o u r s . 

(7 ) Number of elements i n the time d e l a y . 

11th Card - = 1 i f observed s i x hour flow 
(1) = 2 i f observed h o u r l y flow 

= 0 i f n e i t h e r 

( 2 ) Observed mean d a i l y flow i f yes 

(3 ) P l o t mean d a i l y i f yes 

(4 ) P l o t h o u r l y or s i x hour flows i f y e s . 

(5 ) P r e s e t base for output h o u r l y flow. 

(6) Maximum o r d i n a t e mean d a i l y flow p l o t . 

(7) Maximum o r d i n a t e h o u r l y or 6 h o u r - p l o t . 

12th Card - Channel time delay histogram ( f r a c t i o n of 
£ 1 — _ _ _ 1 i . 1 _ 1 1 - J , - - 1 - _ J - 1 - -A 
A. j.ww s. c c i i ' i i . i - L i g b i i c v u a u L i C i - w i L j . t _ i i J.a u c i a y c u 
before r e a c h i n g the segment o u t l e t by the 
TIMEAR of the s u b s c r i p t . 

13th Card - Number of ramgauges to be used f o r each 
segment of TIMEAR. 

14th Card - A d d i t i o n a l flow point e n t e r i n g each segment 
of TIMEAR. 

15th Card - A d d i t i o n a l flow point e n t e r i n g each segment 
of TIMEAR. 

(VARL) 

(RT.EINT) 

(ELEMTS) 

(CHECK) 

(COMPAR) 

(PLOT) 

(PLOTHR) 

(MINFW) 

(PLOTMX) 

(PHRMX) 

(TIMEAR) 

(GAGEAR) 

(ADD FL0W1) 

(ADD FL0W2) 

Among a l l t h e s e parameters (measured or f i t t e d ) , those appearing on 

ca r d s seven to f i f t e e n a r e d i s c u s s e d i n more d e t a i l i n the f o l l o w i n g 

pages. 

. ( R a t i o of average segment r a i n f a l l to average gauge r a i n f a l l ) 

The d e r i v a t i o n of t h i s parameter was d i s c u s s e d i n chapter 6. The v a l u e 

of t h i s parameter i s 1 17. 

IMPV ( F r a c t i o n of impervious a r e a ) . The f r a c t i o n of the t o t a l a r e a 

which i s impervious a l t e r s r u n o f f volumes and a f f e c t s the whole p r o c e s s e s 

of o v e r l a n d flow and i n t e r f l o w 

To determine the f r a c t i o n of impervious a r e a of the Browney b a s i n , 

measurements were made of t o t a l a r e a of b u i l d i n g s and roads on a 1 25000 

O.S. map. T h i s a r e a amounted to 7 per cent of the t o t a l a r e a Crai'ford 
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and L i n s l e y (1966) suggested the adjustment of measured and estimated im
pervious a r e a to the e f f e c t i v e impervious a r e a by r e f e r r i n g to the r e 
l a t i o n s h i p presented i n F i g . 6 7 . Based on t h i s r e l a t i o n s h i p the e f f e c t i v e 
impervious a r e a i n the Browney b a s i n was estimated to be about 5 per 
cent of the t o t a l catchment. 

EPXM ( I n t e r c e p t i o n s t o r a g e parameter) The v e g e t a t i u n cover of the 

catchment governs the v a l u e of t h i s parameter The e f f e c t of the vege

t a t i o n cover i n r e d u c i n g the amount of p r e c i p i t a t i o n a t any time r e a c h i n g 

the ground s u r f a c e a l s o depends on i t s c u r r e n t storage l e v e l 

According to the model, a l l incoming moisture e n t e r s i n t e r c e p t i o n 

s t o r a g e u n t i l a p r e - a s s i g n e d volume EXPM i s f i l l e d . However, the process 

of e v a p o i a t i o n which takes p l a c e a t the p o t e n t i a l r a t e , d e p l e t e s the 

moisture from i n t e r c e p t i o n storage, and consequently p r e c i p i t a t i o n w i l l 

c o n t i n u e to r e p l a c e the water from i n t e r c e p t i o n storage l o s t by eva

p o r a t i o n 

Crawford and L i n s l e y (1966) g i v e some e s t i m a t e s for i n t e r c e p t i o n 

s t o r a g e s . According to the s e v a l u e s the EXPM of a g r a s s l a n d watershed 

i s O.lO in c h e s (2 5 mm) w h i l e those f o r moderaLe f o r e s t cover and heavy 

f o r e s t cover a r e 0.15 inc h e s (3 8 mm) and 0 20 inches (5 1 mm) r e s p e c t 

i v e l y . For the Browney b a s i n a v a l u e of 0.1 i n c h e s (2.5 mm) was con

s i d e r e d to be a good es t i m a t e of i n t e r c e p t i o n s t o r a g e . 

UZSN (Nominal upper zone s t o r a g e ) T h i s parameter s i m u l a t e s the 

d i v e r s i o n of overland flow i n t o d e p r e s s i o n s t o r a g e , s o i l f i s s u r e s and 

d i s t u r b e d or dry s o i l s u r f a c e s . The parameter i s , t h e r e f o r e , independent 

of r a i n f a l l i n t e n s i t y E v a p o t r a n s p i r a t i o n and p e r c o l a L i o n to the lower 

zone c o n t i n u o u s l y removes water from the upper zone. The p o t e n t i a l 

a d d i t i o n of moisture to the upper zone s t o r a g e i s given by the i e l a t i o n -

s h i p shown I n F i g 68 which ex p r e s s e s any i n c r e a s e i n upper zone s t o r a g e 

i n terms of the r a t i o of c u r r e n t upper zone s t o r a g e (UZS) to nominal 

upper zone s t o r a g e (UZSN) 
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T h i s r e l a t i o n s h i p shows how upper zone s t o r a g e may prevent over

land flow from a p o r t i o n of the watershed. E v a p o t r a n s p i r a t i o n from the 

upper zone occurs at the p o t e n t i a l r a t e 

The nominal v a l u e for upper zone s t o r a g e can i n i t i a l l y be estimated 

from Table 46 However, i t may need to be optimized l a t e r . The i n i t i a l 

v a l u e of UZSN i n t h i s study was taken to be 0 6 inches (15.2 mm) 

Table 46 E s t i m a t i o n of UZSN. A f t e r Crawford and L i n s l e y 
( 1 9 6 6 ) . 

Watershed UZSN 

Steep s l o p e s 
L i m i t e d v e g e t a t i o n 
Low d e p r e s s i o n storage 

0.06 LZSN 

Moderate sl o p e s 
Moderate v e g e f a t i o n 
Moderate d e p r e s s i o n s t o r a g e 

0.08 LZSN 

Heavy v e g e c a l or f o r e s t cover 
S o i l s s u b j e c t to c r a c k i n g , high 
d e p r e s s i o n storage, v e r y m i l d 
s l o p e s 

0 14 LZSN 

LZSN (Nominal lower zone s t o r a g e ) T h i s parameter models the sto r a g e 

of the i n f i l t r a t t d moisture i n the s o i l p r o f i l e and i s approximately 

equal to the median v a l u e of lower zone st o r a g e I n other words LZSN 

i s the storage l e v e l a t which 50 per cent of a l l incoming moisture moves 

i n t o groundwater st o r a g e T h i s parameter i s one of the most important 

of a l l and i s the one on which the long term volume of r u n o f f depends 

The v a l u e of LZSN should a l s o be determined by s e v e r a l runs However, 

fo r watersheds w i t h r a i n f a l l d i s t r i b u t e d u n i f o r m l y throughout the year, 

an i n i t i a l e s t i m a t e of 4 H •g" x (Mean Annual R a i n f a l l ) i nches i s g i v e n . 

The i n i t i a l e s t i m a t e of t h i s parameter f o r the Browney b a s i n was 7 5 

inch e s (190 5 mm). 

CB ( I n f i l t r a t i o n index) T h i s i s an input parameter t h a t governs the 

over a l l l e v e l uf net i n f i l t r a t i o n and i s a l s o used to c a l c u l a t e deep 

p e r c o l a t i o n I n vjew of the f a c t that the i n f i l t r a t i o n rate i& h i g h l y 
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dependent on s o i l moisture c o n d i t i o n s w i t h i n the s o i l p r o f i l e , a c l o s e 
r e l a t i o n s h i p e x i s t s between the v a l u e of LZSN and CB, which i n t u r n 
a f f e c t s the r u n o f f p r o c e s s . Crawford and L i n s l e y (1966) suggest a range 
of 0.3 to 1.2 f o r v a l u e s of CB under d i f f e r e n t c l i m a t i c and s o i l regimes 
Based on t h e i r s u g g e s t i o n an i n i t i a l v a l u e of 0 6 w£s used 
CC ( I n t e r f l o w parameter) T h i s parameter i s ar index of the r a t i o of 
the q u a n t i t y of moisture added to i n t e r f l o w d e t e n t i o n , to that added to 
s u r f a c e r u n o f f d e t e n t i o n . T h e r e f o r e , i t governs the hydrograph shape 
and timing T h i s i s because w i t h an i n c r e a s e i n the q u a n t i t y of moisture 
j o i n i n g i n t e r f l o w d e t e n t i o n , t h e r e would be a delay f o r the flow to 
r e a c h the channel and thus the hydrograph would be l e s s peaked than when 
a h i g h e r p r o p o r t i o n of moisture i s j o i n i n g the s u r f a c e r u n o f f d e t e n t i o n . 
The range of v a l u e s of CC i s given by Crawford and L i n s l e y (1966) to be 
between 0.5 to 3.0. The i n i t i a l v a l u e , based on t h i s g u i d e l i n e , was 
adopted to be 1 5 

K3 ( A c t u a l e v a p o t r a n s p i r a t i o n l o s s i n d e x ) . E v a p o t r a n s p i r a t i o n , a c c o r d 

in g to t h i s model, occurs at the p o t e n t i a l r a t e from the i n t e r c e p t i o n 

and upper zone s t o r a g e " . Any excess e v a p o t r a n s p i r a t i o n (Ep) which i s not 

thus s a t i s f i e d , w i l l draw moisture from the lower zone based on the 

concept of e v a p o t r a n s p i r a t i o n o p p o r t u n i t y . According to t h i s concept 

the a r e a l v a r i a t i o n of e v a p o t r a n s p i r a t i o n opportunity i s r e p r e s e n t e d by 

a cumulative frequency d i s t r i b u t i o n curve shown i n F i g . 6 9 . 

Using t h i s f i g u r e , the water l o s s f o r e v a p o t r a n s p i r a t i o n from the 

lower zone when Ep i s l e s s than r i s 
2 

E ( a c t u a l E t ) - Ep - ( ^ 

LZS 
The v a r i a b l e r ( e v a p o t r a n s p i r a t i o n o p p o r t u n i t y ) i s g iven by r : K3 LZSN' 
where K3 i s an input parameter. Simulated v a l u e s of K3 f o r d i f f e r e n t 

v e g e t a t i o n covers a r c shown i n Table 47 From t h i s t a b l e a v a l u e of 

K3 = 0.23 was chosen f o r the watershed. 
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Fig. 69 Percentage area with a daily 
evapotranspiration opportunity equal 
to or less than the indicated value 
(After Crawford & Linsley (1966)) 
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T a b l e 47- Values of K3 for d i f f e r e n t watershed cover. 
A f t e r Crawford and L i n s l e y ( 1 9 6 6 ) 

Watershed cover K3 

Open land 0.20 
Grass land 0 23 
L i g h t f o r e s t 
Heavy f o r e s t 

0 28 
0.30 

K24L ( I n d e x to i n a c t i v e groundwater r e c h a r g e ) . T h i s parameter governs 

the f r a c t i o n of r e c h a r g e from a c t i v e groundwater to the i n a c t i v e s e c t i o n . 

E s t i m a t i o n of t h i s parameter f o r catchments w i t h such l o s s e s should be 

based on observed changes i n deep groundwater l e v e l s or e s t i m a t e s of 

s u b s u r f a c e outflow from the b a s i n A l t e r n a t i v e l y K24L may be approx

imated by t r i a l . 

F o r the Browney b a s i n an i n i t i a l e s t i m a t e of 0 2 was a p p l i e d . 

K24EL ( F r a c t i o n of b a s i n with s h a l l o w groundwater). T h i s parameter 

s i m u l a t e s the l o s s of groundwater due to e v a p o t r a n s p i r a t i o n by v e g e t a t i o n . 

During periods of dry weather, the s h a l l o w groundwater zone would be 

the only s e c t i o n of the b a s i n f o r which acLuaL e v a p o t r a n s p i r a t i o n , equal 

to the p o t e n t i a l v a l u e s , would be o c c u r r i n g . T h e r e f o r e , t h i s r e s u l t s 

i n e x h austion of groundwater s t o r a g e . For the Browney b a s i n t h i s v a l u e 

was assumed to be 0 05. 

L (Length of overland flow) T h i s parameter i s a measure of stream 

s p a c i n g and as mentioned i n the f i r s t chapter i s determined from the 

formula \ 

catchment. 

SS (Overland flow s l o p e ) . F o l l o w i n g the procedure recommended by 

L i n s l e y et a l (1949) and Nash (1 9 6 6 ) , the mean overlann flow s l o p e was 

found to be 0 06 

ormuia 

2D and i s equal to 936 f e e t (285 m) i n the Browney 
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NN (Manning's n f o r o v e r l a n d f l o w s ) . T h i s parameter was estimated, 
u s i n g Table 48 given by Crawford and L i n s l e y ( 1 9 6 6 ) , and i t s v a l u e i s 
0.30. 

IRC ( D a i l y i n t e r f l o w r e c e s s i o n r a t e ) . T h i s parameter i s important i n 

watersheds i n which i n t e r f l o w forms an important p o r t i o n of d i r e c t r u n o f f 

T a b l e 48 Values of Manning's n f o r d i f f e r e n t watershed 
cover A f t e r Crawford and L i n s l e y (1966) 

Watershed cover Manning's n f o r o v e r l a n d flow 

Smooth Asphalt 0.012 

Asphalt f o r c o n c r e t e 
paving 

0.014 

13 £i I' Q H /-» ~\ 0 030 

L i g h t t u r f 0.200 

Dense t u r f 0.350 

Dense shrubbery and 
f o r e s t l i t t e r 

0.40 

I t i s d e f i n e d as the r a t i o of i n t e r f l o w d i s c h a r g e on any day to t h a t of 

the preceding one To determine t h i s parameter e i t h e r of two methods 

cou l d be used ( 1 ) the t r i a l and e r r o r method and ( 2 ) the Barnes (1939) 

method The former method can be a p p l i e d by matching the shape of the 

s i m u l a t e d and the observed hydrographs. 

To c a l c u l a t e IRC by the Barnes method, the hydrograph of a storm 

on 14th August 1971 was p l o t t e d on s e m i - l o g a r i t h m i c paper, ( F i g . 7 0 ) . 

The groundwater r e c e s s i o n limb of the hydrograph was extended back under 

the hydrograph. The r e s i d u a l o r d i n a t e s above the groundwater which r e 

presented the combined s u r f a c e r u n o f f and i n t e r f l o w was r e p l o t t e d , and a 

s t r a i g h t l i n e was f i t t e d to the r e c e s s i o n p a r t . E x t e n s i o n of t h i s l i n e 

s e p a r a t e d i n t e r f l o w from s u r f a c e r u n o f f , from which IPC was c a l c u l a t e d 

to be 0 6. 
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KK24 ( D a i l y groundwater d i s c h a r g e r e c e s s i o n r a t e ) . T h i s parameter i s 

de f i n e d as the r a t i o of groundwater d i s c h a r g e a t any time to t h a t of 

twenty four hours e a r l i e r . The v a l u e o f t h i s parameter was c a l c u l a t e d 

to be about 0.98. 

KV (Parameter f o r v a r i a t i o n of groundwater r e c e s s i o n r a t e s ) . T h i s 

parameter has been intr o d u c e d i n the groundwater outflow equation, i n 

order to add f l e x i b i l i t y i n the s i m u l a t i o n of groundwater outflow. 

Groundwater outflow GWF at any time i s given byj 

GWF = LKK4 x (1 0 + KV x GWS) x SGW 

where GWS i s groundwater s l o p e and SGW i s groundwater s t o r a g e . The 

parameter LKK4 i s d efined as LKK4 = 1.0 - (KK24) "56 # when KV i s zero 

and t h e r e i s no i n f l o w to SGW, the groundwater outflow equation reproduces 

the commonly used l o g a r i t h m i c d e p l e t i o n curve, l e the flow a f t e r a 

pe r i o d of n days d e c r e a s e s by ( K K 2 4 ) n and a s e m i - l o g a r i t h m i c p l o t of 

d i s c h a r g e a g a i n s t time i s a s t r a i g h t l i n e . Crawford and L m s l e y ( 1 9 6 6 ) , 

j u s t i f y the use of KV by r e a s o n i n g t h a t "... i f the t y p i c a l d a i l y dry 

season r e c e s s i o n r a t e i n a stream i s 0 99 and a r e c e s s i o n of 0.98 i s more 

t y p i c a l , when the groundwater s t o r a g e s a r e being recharged, the v a l u e of 

KK24 can be s e t to 0 99 and the v a l u e of the parameter KV can be a d j u s t e d 

so t h a t 1.0 + KV x GWS w i l l reduce the e f f e c t i v e r e c e s s i o n r a t e to 0 98 

duri n g r e c h a r g e period" 

For the Browney b a s i n a KV v a l u e of 1.0 was adopted. 

POWER (Exponent of the i n f i l t r a t i o n curve e q u a t i o n ) . The i n f i l t r a t i o n 

c u r ve equation i s i n the form of 

i n which 3 i s the i n f i l t r a t i o n volume. Black (1973) r e p o r t e d t h a t numerous 

t r i a l s w i t h H S.P (Hydrocomp S i m u l a t i o n Programming), the s u c c e s s o r 

to the Stanford model, have shown t h a t a v a l u e of 2 0 i s a p p l i c a b l e over 

a wide range of watershed c o n d i t i o n s . Consequently t h i s v a l u e of POWER 

1 

B = CB 
POWER LZS/ LZSN 
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was adopted f o r the Rrowney b a s i n 

UZSNWF. (Weight f a c t o r i n equation UZSNT = UZSN + UZSNWF x A E P I ) . The 

v a l u e of t h i s parameter i s assumed to be zero By t h i s assumption, the 

se a s o n a l v a r i a t i o n i n the s u r f a c e storage due to changes i n v e g e t a t i o n 

and farming p r a c t i c e s i s not co n s i d e r e d s i g n i f i c a n t . 

UZS, LZS, SGW, GWS, RES, SRGX, SCEP and AEPI ( I n i t i a l s t o r a g e s ) . These 

parameters s i m u l a t e the land moisture c o n d i t i o n s a t the beginning of the 

run and they a r e defin e d as 

UZS ( I n i t i a l upper zone s t o r a g e ) 

LZS ( I n i t i a l lower zone s t o r a g e ) 

SGW ( I n i t i a l groundwater s t o r a g e ) 

GWS ( I n i t i a l groundwater s l o p e ) 

RES ( I n i t i a l s u r f a c e d e t e n t i o n s t o r a g e ) 

SRGX ( I n i t i a l i n t e r f l o w d e t e n t i o n s t o r a g e ) 

SCEP ( I n i t i a l i n t e r c e p t i o n s t o r a g e ) 

AEPI (Antecedent p o t e n t i a l E t index) 

KS1 (Hourly stream channel s t o r a g e r e c e s s i o n parameter) T h i s para

meter i s a time d i s t r i b u t i o n f a c t o r , determined by the formula 

KS1 Discharge i n hr (t+1) 
Discharge i n hr ( t ) 

or by g r a p h i c a l techniques suggested by Barnes (1939) and d e s c r i b e d by 

L i n s l e y e t a l (1949, 1958) I n the model KS1 i s a part of the equation 

O2 = I - KS1 ( I - 0 ^ ) , which i s adopted to route the outflow hydrograph 

produced by channel t r a n s l a t i o n c a l c u l a t i o n s through a storage system 

to s i m u l a t e a t t e n u a t i o n i n the channel system C^ i s outflow a t time 

t 2 , a t time t ^ , and I i s average i n f l o w a t times t2 and t ^ 

Channel system To si m u l a t e the channel system i n the model, a mod

i f i c a t i o n of C l a r k ' s (1945) e m p i r i c a l r o u t i n g method i s a p p l i e d 

I n t h i s simple r o u t i n g method, c a l l e d a time-area curve, C l a r k 

assumed t h a t a p l o t of time of flow from any point i n the watershed to 
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the o u t l e t r e p r e s e n t s an outflow hydrograph, when i t i s caused by a s h o r t 
r a i n f a l l . I n t h i s method, a t t e n u a t i o n due to channel storage i s n e g l e c t e d 

I n the S t a n f o r d model, s i n c e the land s u r f a c e i s modelled sep

a r a t e l y , C l a r k ' s method i s modified and c a l l e d the channel-time-delay 

c u r v e . I t r e p r e s e n t s an outflow hydrograph which i s a response to an 

insLantaneous surge of i n f l o w to the system A t t e n u a t i o n due to s t o r a g e 

i s r e p r e s e n t e d by r e s e r v o i r r o u t i n g A channel-time-delay curve and 

histogram a r e shown i n F i g 71 To c o n s t r u c t such a curve for a water

shed the Manning equation may be used to f i n d an e s t i m a t e of the time of 

flow from any point i n the channel system to the o u t l e t f o r any assumed 

d i s c h a r g e . 

A l t e r n a t i v e l y f o r a b a s i n of a s i z e equal to or g r e a t e r than t h a t 

of the Browney, the time-delay histogram could be c a l c u l a t e d from t y p i c a l 

hydrographs of the watershed T h i s i s because for such b a s i n s the shape 

of the outflow hydrograph i s p r i m a r i l y dependent on the channel system. 

For the Browney b a s i n the hydrograph r e s u l t i n g from a storm on 5th 

November, 1967 was chosen. T h i s hydrograph, was d i v i d e d i n t o e i g h t 

elements each of s i x hours d u r a t i o n The f r a c t i o n of the ar e a undei each 

element was obtained by planimetry The corresponding elements i n the 

hydrograph, then, r e p r e s e n t e d the elements of the channel-time-delay 

histogram adopted for the b a s i n , and a r e presented i n the f o l l o w i n g T a b l e 

Table 49 Elements of channel-time-delay histogram 

1 2 3 4 5 6 7 8 

0.09 0.29 0 33 0 15 0.06 0 04 0 03 0 01 

t 
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Channel flow time to outlet 
(After Crawford & Linsley (1966)) 

Fig.7l C H A N N E L - T I M E - D E L A Y C U R V E 
and H I S T O G R A M 
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CHAPTER NINE 

SENSITIVITY TESTS AND OPTIMIZATION OF THE FITTED PARAMETERS 

F i t t e d p a r a m e t e r s , used i n t h e S t a n f o r d Watershed Model, a r e t h o s e 

t h a t cannot be measured e a s i l y . To d e c i d e on t h e i r v a l u e s f o r a p a r t 

i c u l a r c a tchment, t h e r e f o r e , t h e i r s e n s i t i v i t i e s s h o u l d be t e s t e d 

b e f o r e t h e y a r e o p t i m i z e d . 

The s e n s i t i v i t y o f a parameter i n a h y d r o l o g i c a l model, r e f e r s t o 

t h e degree o f v a r i a t i o n o f s i m u l a t e d f l o w as a r e s u l t o f c h a n g i n g t h e 

v a l u e o f t h a t parameter Among t h e f i L t e d p a rameters i n t h e model, some 

ar e more s e n s i t i v e t h a n o t h e r s , w h i l e t h e r e a r e some w h i c h do n o t a f f e c t 

t h e o u t p u t s i g n i f i c a n t l y The s e n s i t i v i t y o f a pa r a m e t e r , o f c o u r s e , 

depends t o a l a r g e e x t e n t on t h e c o n d i t i o n s o f t h e w a t e r s h e d t o w h i c h 

t h e model i s a p p l i e d . 

O p t i m i z a t i o n , as r e f e r r e d t o h y d r o l o g i c a l models, i s t h e s e l e c t i o n 

o f f i t t e d p a r a m e t e r s by c l o s e l y m a t c h i n g t h e s i m u l a t e d f l o w t o t.he r e 

co r d e d one. I f t h e parameters o f t h e model a r e n o t c o r r e c t l y o p t i m i z e d , 

t h e model w o u l d be u n f i t f o r any f o r e c a s t i n g or s y n t h e s i z i n g o f s t r e a m -

f l o w The success o f a w a t e r s h e d model, t h e r e f o r e , depends t o some ex

t e n t on t h e r e a l i s t i c o p t i m i z a t i o n o f Lhe parameters and t h a t i n t u r n i s 

dependent on t h e r e s e a r c h e r ' s judgement a r d h i s knowledge o f t h e h y d r o -

l o g i c c y c l e 

Dawdy and O'Donnell (1965) r e f e r t o o t h e r r e q u i r e m e n t s f o r c l o s e l y 

f i t t i n g t h e s i m u l a t e d f l o w t o r e c o r d e d f l o w by a h y d r o l o g i c model These 

r e q u i r e m e n t s , t h e y m e n t i o n , a r e t h e h y d r c l o g i c v a l i d i t y o f t h e mathe

m a t i c a l model, t h e a c c u r a c y o f t h e d a t a used, t h e method o f f i t t i n g t h e 

model t o t h e d a t a and t h e c r i t e r i a used f o r c l o s e n e s s o f f i t 

The moie r e f i n e d a h y d r o l o g i c model i s , t h e more f i t t e d p a r a m e t e r s 

i t w o u l d c o n t a i n w h i c h need t o be o p t i m i z e d The i n c r e a s e d number o f 

such p a r a m e t e r s r e s u l L s an e x t r a c o m p l e x i t y m t h e model and manual 
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o p t i m i z a t i o n w o u l d t h e n be d i f f i c u l t . For t h i s r e a s o n s e v e r a l a t t e m p t s 
have been made t o d e v i s e some a u t o m a t i c means o f o p t i m i z a t i o n Examples 
o f such methods a r e g i v e n by Dawdy and O'Donnell ( 1 9 6 5 ) , I b b i t t and 
O'Donnell (1971) and James ( 1 9 7 2 ) . 

I n t h i s s t u d y manual o p t i m i z a t i o n has been f o l l o w e d . The g u i d e 

l i n e s g i v e n i n t h e p u b l i s h e d r e p o r t o f C r a w f o r d and L i n s l e y ( 1 9 6 6 ) , w h i c h 

were b r i e f l y e x p l a i n e d i n t h e e a r l i e r c h a p t e r , were used i n i t i a l l y . 

However some o f t h e s p i n i t i a l v a l u e s were changed a f t e r many u n s u c c e s s f u l 

t r i a l s The c r i t e r i a o f c l o s e n e s s o f f i t and d e c i s i o n on t h e f i n a l 

v a l u e s o f t h e o p t i m i z e d p a r a m e t e r s were based on t h e t o t a l y e a r l y and 

m o n t h l y f l o w s as w e l l as t h e shape o f d a i l y h y d r o g r a p h s over t h e whole 

y e a r . 

James ( 1 9 7 2 ) , i n o p t i m i z a t i o n o f t h e parameters o f t h e S t a n f o r d 

Watershed Model by an a u t o m a t i c method, n o t i c e d t h a t s e v e r a l c o m b i n a t i o n s 

o f p a r a m e t e r s c o u l d produce n e a r l y e q u a l l y good r e s u l t s . One c o m b m a t i o r 

s i m u l a t e d b e t t e r peak f l o w s w h i l e a n o t h e r produced low f l o w s more a c c u r a t e l y 

I n t h e t r i a l and e r r o r method a d o p t e d i n t h i s s t u d y , an a t t e m p t 

was made t o f i n d t h a t c o m b i n a t i o n w h i c h c o u l d b e s t s i m u l a t e t h e peak 

f l o w s , as w e l l as low f l o w s , s i m u l t a n e o u s l y . T h i s c r i t e r i a o f c l o s e n e s s 

o f f i t was examined by comp a r i n g t h e f r e q u e n c y d i s t r i b u t i o n o f t h e a c t u a l 

and s i m u l a t e d d a i l y f l o w s . The c h o i c e o f t h i s c r i t e r i a was i n a c c o r d 

ance w i t h t h e o b j e c t i v e s i n t h i s s t u d y 

1 . To t e s t t h e a b i l i t y o f t h e model t o p r e d i c t r u n o f f f r o m t h e Browney 

catchment w i t h o u t any p a r t i c u l a r emphasis on t h e h i g h o r low f l o w s 

2. To g e t an u n d e r s t a n d i n g o f t h o s e components o f t h e w a t e r b a l a n c e 

e q u a t i o n w i t h i n t h e catchment w h i c h a r e n o t e a s i l y s t u d i e d i n o t h e r ways 

e g a c t u a l e v a p o t r a n s p i r a t i o n and groundwater f l o w . 

The w a t e r year 1972 was used f o r t h e i n i t i a l s e n s i t i v i t y t e s t s 

and o p t i m i z a t i o n N o r m a l l y f o r any o p t i m i z a t i o n r u n , depending on t h e 

purpose o f t h e a p p l i c a t i o n o f t h e model, one o r more r e p r e s e n t a t i v e y c a r g 
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o f d a t a w o u l d be employed. For example, i f Che model i s t o be used f o r 
f o r e c a s t i n g peak r a t e s o f f l o w , a w a t e r y e a r w i t h h i g h peak f l o w s w o u l d 
be employed. Under some o t h e r c o n d i t i o n s , f o r example i r r e s e r v o n 
c o n s t r u c t i o n , t h e purpose o f t h e model m i g h t be t o p r e d i c t d r o u g h t 
p e r i o d s . I n such a case w a t e r y e a r s w i t h h i g h peak f l o w s w o uld n o t be 
o f such i m p o r t a n c e 

W i t h t h e o b j e c t i v e s o f t h e p r e s e n t s t u d y i n mind, no p a r t i c u l a r 

emphasis was g i v e n t o t h e s e l e c t i o n o f t h e p e r i o d f o r t e s t i n g and o p t i m i 

z a t i o n and t h e a v a i l a b l e d a t a f o r t h e w a t e r y e a r 1972 were used f o r t h e 

purpose o f i n i t i a l t e s t i n g and o p t i m i z a t i o n . I t s h o u l d be m e n t i o n e d 

t h a t t h r o u g h o u t t h i s s t u d y t h e h y d r o g r a p h s o f mean d a i l y f l o w were 

drawn by t h e computer g r a p h - p l o t t e r a t Durham U n i v e r s i t y The program 

w r i t t e n f o r t h i s purpose i s shown i n Appendix I V . 

R e s u l t s o f t h e s e n s i t i v i t y t e s t s 

The r e s u l t s o f t h e s e n s i t i v i t y t e s t s w i t h t h e major parameters a r c 

g i v e n below These t e s t s were c a r r i e d o u t by r u n n i n g t h e model, and 

v a r y i n g one parameter a t a t i m e The r e s u l t s were t h e n used f o r t h e 

s e l e c t i o n o f t h e s e n s i t i v e p a r a m e t e r s i n t h e t r i a l and e r r o r o p t i m i z a t i o n . 

The p a r a m e t e r s i n i t i a l l y c o n s i d e r e d were CB, LZSN, UZSN, CC, K3, K24L, 

LZS, UZS, KK24, IRC, and KV 

CB ( I n f i l t r a t i o n i n d e x ) The e f f e c t o f CB under t h e c l i m a t i c c o n d i t i o n s 

o f t h e Browney catchment may be ob s e r v e d by r e f e r r i n g t o F i g s . 72 and 73 

and T a b l e A ( A p p e n d i x V ) . F i g . 7 2 and T a b l e A ( A p p e n d i x V) p r e s e n t t h e 

m o n t h l y s i t v l a t e d f l o w f o r CB v a l u e s o f 0.01, 0.1 and 0 6, w h i l e t h e 

h y d r o g r a p h s o f mean d a i l y f l o w s o f CB 0.1 and 0.01 a r e p l o t t e d i n F i g 73 

I n t h i s f i g u r e t h e h y d r o g r a p h o f CB w i t h a v a l u e o f 0.6 was o m i t t e d f o r 

r e a s o n o f c l a r i t y . From F i g . 7 3 i t i s c l e a r t h a t d e c r e a s i n g t h e v a l u e 

o f CB, i n c r e a s e s t h e peak r a t e o f f l o w by i n c r e a s i n g t h e s u r f a c e r u n o f f 

and d e c r e a s i n g t h e groundwater f l o w . 

D u r i n g t h e months o f J a n u a r y , F e b r u a r y and I l a r c h , r a i n f a l l and 
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l o w i n f l l t r a t i o n have r e s u l t e d i n l a r g e amounts o f s u r f a c e r u n o f f . Under 

h i g h e r CB v a l u e s , however, t h e amount o f d i r e c t r u n o f f has been low and 

much o f t h e r a i n f a l l has i n f i l t r a t e d i n t o t h e s o i l t o be s t o r e d and sub

s e q u e n t l y r e l e a s e d as groundwater f l o w T h i s i s v e r y c l e a r l y shown by 

t h e c o m parison o f s i m u l a t i o n r e s u l t s o f a CB v a l u e o f 0.01 w i t h e i t h e r 

t h e 0.1 o r 0.6 ( F i g . 7 2 and T a b l e A ( A p p e n d i x V) T h i s shows 

t h a t m o n t h l y f l o w s d u u n g t h e summer season a r e much low e r f o r low CB 

v a l u e s t h a n f o r h i g h e r ones. An e x c e p t i o n i s t h e f l o w d u r i n g J u l y 1972 

w h i c h was h i g h e r f o r lower CB v a l u e s . T h i s was because o f a r a i n f a l l 

d e p t h o f 2.84 i n c h e s (72.0 mm) o c c u r r i n g d u r i n g t h a t month The low CB 

v a l u e o f 0.01 r e s u l t e d i n l a r g e amounts o f s u r f a c e r u n o f f w h i c h com

pensated f o r t h e low groundwater f l o w 

A n o t h e r i m p o r t a n t o b s e r v a t i o n o f t h e e f f e c t o f CB can be made by 

comparing t h e m o n t h l y s i m u l a t e d v a l u e s o f A p r i l , J u l y , August and Sept

ember D u r i n g t h e s e months t h e f l o w i s h i g h e r f o r t h e C3 v a l u e o f 0 1 

as compared w i t h t h e s i m u l a t e d f l o w s o f 0 01 and 0.6. From the&e r e 

s u l t s , i t i s i n f e r r e d t h a t t h e r e i s a t h r e s h o l d v a l u e o f CB above w h i c h 

t h e l ower d i r e c t r u n o f f component r e s u l t s i n l o w e r f l o w s t h a n o f t h e 

t h r e s h o l d v a l u e , arid below w h i c h t h e low i n f i l t r a t i o n , w i t h a subsequent 

l o w e r base f l o w , produces lower t o t a l f l o w . 

To show t h e v a r i a t i o n o f h i g h mean d a i l y f l o w s w i t h CB, two examples 

f r o m 2 6 t h January and 4 t h F e b r u a r y , 1972 a r e c i t e d For 2 6 t h J a n u a r y , 

t h e peak f l o w due t o a CB v a l u e o f 0.01 i s about t h r e e t i m e s t h a t o f a 

CB v a l u e o f 0.1 and f o r 4 t h F e b r u a r y , t h e peak due t o a CB v a l u e o f 0.01 

i s a l m o s t t w i c e as much as t h a t due t o a CB v a l u e o f 0 1 

The e f f e c t o f CB upon t h e volume o f f l o w f o r t h e year 1972 i s shown 

i n T a b l e A ( A p p e n d i x V ) . For t h i s y e a r , w h i c h i s a y e a r o f average f l o w , 

d e c r e a s i n g t h e CB v a l u e has r e s u l t e d i n i n c r e a s i n g t h e s i m u l a t e d f l o w 

T h i s e f f e c t , however, was r e v e c s e d when t h e d a t a f o r t h e ycer 1973, a 

d r y y e a r , were employed, ( l e d e c r e a s i n g CB v a l u e s r e d u c e d t h e t o t a l 
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f l o w ) T a b l e B ( A p p e n d i x V) The r e a s o n may be e x p l a i n e d by t h e f a c t t h a t 
a l o w CB v a l u e under a low r a i n f a l l c o n d i t i o n w o u ld decrease t h e b a s e -
f l o w and i n c r e a s e e v a p o t r a n s p i r a t i o n I n such a case any s u r f a c e r u n o f f 
w o u l d be s t o r e d i n t h e upper zone w h i c h s e r v e s f o r s a t i s f y i n g e v a p o t r a n s 
p i r a t i o n demand o c c u r r i n g a t t h e p o t e n t i a l r a t e . 

LZSN ( N o m i n a l l o w e r zone s t o r a g e ) The e f f e c t o f LZSN on s i m u l a t e d 

f l o w can be d e s c r i b e d by r e f e r r i n g t o F i g s . 74 and 75 and T a b l e C 

( A p p e n d i x V ) . F i g . 7 4 shows t h a t d e c r e a s i n g t h e v a l u e o f LZSN f r o m 7 5 

i n c h e s ( 1 9 o 5 mm) t o 5 5 i n c h e s (140 0 mm) has i n c r e a s e d t h e peak r a t e s 

o f f l o w T a k i n g t h e mean d a i l y v a l u e o f 2 7 t h J a n u a r y , f o r i n s t a n c e , 

t h e r e i s an i n c r e a s e o f a p p r o x i m a t e l y 20 per c e n t w i t h a decrease o f 

about 27 per c e n t i n t h e v a l u e o f LZSN. 

From T a b l e C ( A p p e n d i x V ) , i t i s o b s e r v e d t h a t d e c r e a s i n g t h e LZSN 

v a l u e by 27 per c e n t has i n c r e a s e d t h e y e a r l y v a l u e by about 13 per ce n t 

However, t h i s y e a r l y i n c r e a s e i s m o s t l y due t o i n c r e a s e s o f f l o w d u r i n g 

t h e w i n t e r months I n f a c t t h e r e i s a s l i g h t d e crease i n t h e m o n t h l y 

f l o w s o f t h e summer months 

These o b s e r v a t i o n s c o u l d be a c c o u n t e d f o r by c o n s i d e r i n g t h e phy

s i c a l b a s i s and f o r m u l a t i o n o f t h e i r o d e l The f a c t t h a t a lo w e r v a l u e 

o f LZSN i n c r e a s e s r u n o f f i s because a s h a l l o w s o i l w i t h a low m o i s t u r e 

h o l d i n g c a p a c i t y w i l l n o t be a b l e t o r e t a i n as much m o i s t u r e as a deep 

s o i l . Any p r e c i p i t a t i o n i n excess o f t h e m o i s t u r e h o l d i n g c a p a c i t y , 

t h e r e f o r e , r e s u l t s i n r u n o f f . 

The s l i g h t l y l ower summer m o n t h l y f l o w s a s s o c i a t e d w i t h a LZSN 

v a l u e o f 5.5 i n c h e s (140 0 mm) as compared w i t h 7 5 i n c h e s (190.5 mm), 

i s however e x p l a i n e d by l e f e r r i n g t o t h e m o d e l l i n g o f t h e a c t u a l evapo

t r a n s p i r a t i o n p r o c e s s . S i n c e t h e r a t e o f a c t u a l e v a p o t r a n s p i r a t i o n f r o m 

t h e l ower zone i s assumed t o be p r o p o r t i o n a l t o t h e r a t i o o f ^ ^ / L Z S N ' 

i t i s t o be e x p e c t e d t h a t w i t h a c o n s t a n t v a l u e o f LZS, a lower LZSN w i l l 

r e s u l t m m g h e r e v a p o t r a n s p i r a t i o n T h i s e f f e c t , on a l o n g t e r m b a & i s , 



234 

O O 

rj 

LD 

en 
_J CL _J _ J 

cc >-
CD I 1 

(X 
U3 

CO 
UJ 

_ j 
I — I 

cc a tjj 
>- I — 1 

LU cr 
_ J 
ZD _J 60 O 
I — 1 

QJ CT) U_ 

00 0 i9 00 CjS 00 Ofiti 00 00*1 00 0te 00 OS I CO 06 00 
Si J ) J S M i H T j I G 



23b 

in m 

i i i i 

i f ) l/) 
rsl N 

C M 

00 

0) 

CC 

CO 

CMO 
CM i n CO 

M O M OLx 



236. 

d e p l e t e s t h e l o w e r zone and hence reduces r u n o f f 

UZSN (N o m i n a l upper zone s t o r a g e ) . T h i s parameter i s by f a r one o f t h e 

most i m p o r t a n t ones under t h e h y d r o l o g i c a l r e g i m e p r e v a i l i n g i n t h e 

Browney catchment and i n t h o s e a r e a s where p r e c i p i t a t i o n i s u n i f o r m 

t h r o u g h o u t t h e y e a r . I t s i m p o r t a n c e i s p a r t l y due t o i t s r e t a r d i n g 

e f f e c t on d i r e c t r u n o f f . 

UZSN i s a l s o i m p o r t a n t because o f i t s e f f e c t on a c t u a l e v a p o t r a n s -

p i r a t i o n . I n t h e S t a n f o r d Watershed Model, a c t u a l e v a p o t r a n s p i r a t i o n 

l b assumed t o be e q u a l t o t h e p o t e n t i a l v a l u e p r o v i d e d t h a t m o i s t u r e i s 

a v a i l a b l e i n t h e upper zone I t i s , t h e r e f o r e , c o n c l u d e d t h a t i f t h e 

v a l u e o f UZSN i s u n d e r - e s t i m a t e d , i n c o r r e c t peaks c o u l d r e s u l t d u r i n g 

t h e summer seasons o f h i g h e v a p o t r a n s p i r a t i o n demand. C o n v e r s e l y i f UZSN 

i s o v e r - e s t i m a t e d , t h e r u n o f f v a l u e s m i g h t be u n d e r - e s t i m a t e d . The 

d i s c u s s i o n p r e s e n t e d i n t h e above paragraphs can be v e r i f i e d by r e f e r r i n g 

t o F i g s 76 and 77 and T a b l e D ( A p p e n d i x V ) , w h i c h show t h e mean d a i l y 

and m o n t h l y f l o w s o f two r u n s o f s i m u l a t i o n o b t a i n e d w i t h two d i f f e r e n t 

v a l u e s o f UZSN i . e . 1 0 i n c h e s ( 25 4 mm) and 0.3 i n c h e s ( 7.6 mm). 

Thus, i t i s o b s e r v e d t h a t t h e s i m u l a t e d f l o w s r e s u l t i n g f r o m a UZSN 

v a l u e o f 0.3 i n c h e s ( 7 6 mm) have produced peaks w h i c h a r e much h i g h e r 

t h a n t h o s e o f a UZSN v a l u e o f 1.0 i n c h e s ( 2 5 . 4 mm). An example i s t h e 

a r t i f i c i a l peak w h i c h i s produced by about 1 1 i n c h e s ( 2 8 0 mm) 

on 2 3 r d and 2 4 t h J u l y , 1 9 7 2 . S i n c e UZSN i s l o w e r t h a n what i t s h o u l d be 

i . e . 0.3 i n c h e s ( 7 . 6 mm) n o t much o f t h e r a i n f a l l r e c e i v e d has s e r v e d 

f o r e v a p o t r a n s p i r a t i o n or d e l a y e d i n f i l t r a t i o n T h i s however, i s n o t t h e 

case w i t h a UZSN v a l u e o f 1 0 i n c h e s ( 25 4 mm) w h i c h by v i r t u e o f i t s 

h i g h s t o r a g e c a p a c i t y , has r e t a r d e d much o f s u r f a c e r u n o f f and t h u s , 

has produced a much low e r peak ( F i g 7 6 ) . On a y e a r l y b a s i s i n c r e a s i n g 

UZSN f r o m 0 3 t o 1 0 has re d u c e d t h e t o t a l f l o w by some 20 per c e n t . 

CC ( I n t e r f l o w i n d e x ) . The e f f e c t o f t h i s parameter on s i m u l a t e d f l o w s 

was s t u d i e d by t h e r e s u l t s o f two r u n s d u r i n g t h e i n i t i a l s t a g e o f t h e 
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s e n s i t i v i t y t e s t i n g . These r e s u l t s a r e p r e s e n t e d i n T a b l e E ( A p p e n d i x V) 

The immediate c o n c l u s i o n f r o m s t u d y i n g t h e y e a r l y and m o n t h l y v a l u e s i n 

t h i s t a b l e was t h a t t h e i n t e r f l o w i n d e x does n o t a f f e c t t h e s i m u l a t i o n 

o f f l o w s s i g n i f i c a n t l y 

T h i s c o n c l u s i o n , though v a l i d under t h e above c i r c u m s t a n c e s , 

( T a b l e E ( A p p e n d i x V ) , h i g h i n f i l t r a t i o n v a l u e o f 0 6 ) , was r e j e c t e d 

l a t e r when an o p t i m i z e d CB v a l u e o f 0 1 vas used I n two subsequent 

t r i a l s w i t h CC v a l u e s o f 0.5 and 3 0, i t was f o u n d t h a t peak v a l u e s o f 

r u n o f f were i n c r e a s e d as a r e s u l t o f l o w e r i n g CC v a l u e s f r o m 3 0 t o 0 5 

( F i g 78 ) The i n c r e a s e i n t h e peak f l o w s , t h u s o b t a i n e d , i s c l e a r l y r e 

f l e c t e d i n t h e m o n t h l y and y e a r l y f l o w s , ( T a b l e F ( A p p e n d i x V ) ) . 

The r e s u l L s o b t a i n e d f r o m t h e s e two s e t s o f v a l u e s w i t h CC can be 

e x p l a i n e d by c o n s i d e r i n g t h e r o l e o f CC ( a s t i g n i n g t h e l e v e l o f i n t e r 

f l o w r e l a t i v e t o o v e r l a n d f l o w ) and t h e i n f i l t r a t i o n i n d e x CB 

For t h e f i r s t two r u n s s i n c e t h e v a l u e o f CB was v e r y h i g h , a l m o s t 

a l l t h e p r e c i p i t a t i o n had i n f i l t r a t e d w i t h o u t s i g n i f i c a n t s u r f a c e r u n o f f 

o c c u r r i n g . T h e r e f o r e , under t h i s c o n d i t i o n , t h e CC parameter was n o t o f 

any s i g n i f i c a n c e i n a l t e r i n g t h e l e v e l o f i n t e r f l o w r e l a t i v e t o o v e r 

l a n d f l o w . 

The r e s u l t s o b t a i n e d f r o m che l a t l e r o b s e r v a t i o n , however, r e f l e c t e d 

t h e s i g n i f i c a n c e o f t h e CC v a l u e , because a CB v a l u e , r e p r e s e n t a t i v e o f 

catchment i n f i l t r a t i o n , had r e s u l t e d i n p r o p e r d i s t r i b u t i o n o f d i r e c t 

r u n o f f and b a s e f l o w . Under t h i s c o n d i t i o n , t h e r e f o r e , t h e lower CC 

v a l u e o f 0.5 had i n c r e a s e d o v e r l a n d f l o w r e l a t i v e t o i n t e r f l o w , and so 

had i n c r e a s e d t h e h y d r o g r a p h peak. 

K3 ( A c t u a l e v a p o t r a n s p i r a t i o n l o s s i n d e x ) . T h i s parameter has been 

one o f t h e l e a s t s e n s i t i v e i n t h i s s t u d y I n c r e a s i n g i t s v a l u e f r o m 

0.20 t o 0 25 (25 per c e n t i n c r e a s e ) d i d n o t r e s u l t i n any change o f f l o w 

( T a b l e G ( A p p e n d i x V ) ) F i g 79 shows t h e h y d r o g r a p h s o f mean d a L l y 

f l o w f o r two r u n s w i t h K3 v a l u e s o f 0 20 and 0 25. Though t h e p e r f e c t 
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c o i n c i d e n c e o f t h e two h y d r o g r a p h s proves t h e m s e n s i t i v i t y o f K3 under 

t h e h y d r o l o g i c a l c o n d i t i o n s p r e v a i l i n g i n t h e Browney b a s i n , i t was 

t h o u g h t w o r t h w h i l e t o t e s t t h e s e n s i t i v i t y o f K3 f o r a n o t h e r w a t e r year 

For t h i s purpose t h e d r y year o f 1973 was used. The r e s u l t s o f r u n s 

w i t h t h i s year a l s o v e r i f i e d t h e m s e n s i t i v i t y o f K3 ( T a b l e H ( A p p e n d i x V ) ) 

From T a b l e H ( A p p e n d i x V) i t i s n o t i c e d t h a t i n c r e a s i n g K3 by 25 

per c e n t has r e d u c e d t h e y e a r l y f l o w by 1 3 per c e n t 

K24L (Deep p e r c o l a t i o n i n d e x ) I n o r d e r t o g e t an e s t i m a t e o f t h e 

s e n s i t i v i t y o f t h i s p a r a m e t e r , t h e model was r u n u s i n g two d i f f e r e n t 

v a l u e s o f K24L, l e. 0 25 and 0 00 The h y d r o g r a p h s o f d a i l y f l o w s and 

m o n t h l y f l o w s f o r t h e s e two r u n s a r e p r e s e n t e d i n F i g s 80 and 8 1 . The 

m o n t h l y and y e a r l y v a l u e s a r e a l s o t a b u l a t e d i n T a b l e I ( A p p e n d i x V ) ) . 

The t o t a l y e a r l y p e r c o l a t i o n o f w a t e r t o t h e i n a c t i v e g r o u ndwater 

zone i . e l e a k a g e , was about 17 per c e n t S i n c e deep p e r c o l a t i o n i s a 

f i x e d p o r t i o n o f t h e i n f l o w t o g r o u n d w a t e r , and s i n c e i n f l o w t o ground

w a t e r i s a f u n c t i o n o f t h e i n f i l t r a t i o n i n d e x , t h e w a t e r l o s s f o r any 

s p e c i f i c K24L v a l u e t h e r e f o r e i n c r e a s e s w i t h i n c r e a s i n g CB v a l u e s 

K24EL. (Groundwater e v a p o t r a n s p i r a t i o n p a r a m e t e r ) D e c r e a s i n g t h e 

v a l u e o f K24EL i n c r e a s e s t h e t o t a l r u n o f f . Under c o n d i t i o n s o f no m o i s t u r e 

d e f i c i e n c y , a c t u a l E t would e q u a l t h e p o t e n t i a l v a l u e and, t h e r e f o r e , 

t h i s parameter w i l l n o t a f f e c t t h e s i m u l a t e d f l o w The e f f e c t o f t h i s 

p arameter f o r a d r y year however, i s v e r y much more pronounced 

F o r t h p s e n s i t i v i t y t e s t o f t h i s p a r a m e t e r , t h e d r y y e a r o f 1973 

was used The m o n t h l y s i m u l a t e d f l o w s f o r t h i s year f o r two r u n s w i t h 

K24L v a l u e s o f 0 1 and 0 2 a r e p r e s e n t e d i n F i g 82 and T a b l e J ( A p p e n d i x V) 

The y e a r l y f l o w has decreased by 7 per cent as a r e s a l t o f r a i s i n g t h e 

K24EL v a l u e f r o m 0 1 t o 0 2. From t h e p l o t o f m o n t h l y f l o w s , i t i s 

o b s e r v e d , t h a t t h e y e a r l y I n c r e a s e o f 7 per c e n t o c c u r r e d d u r i n g t h e 

summer months, when low m o i s t u r e a v a i l a b i l i t y p r e v e n t e d e v a p o t r a n s p i r a ^ i o n 
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f r o m t a k i n g p l a c e a t t h e p o t e n t i a l r a t e 

UZS ( i n i L i a l upper zone s t o r a g e ) The e f f e c t o f t h i s parameter i s 

v e r y pronounced d u r i n g t h e f i r s t few months o f t h e r u n . F i g 83 shows 

t h e h y d r o g r a p h s o f two r u n s w i t h UZS v a l u e s o f 1.00 i n c h e s ( 2 5 4 mm) 

and 0 00. The m o n t h l y v a l u e s a r e a l s o p r e s e n t e d i n T a b l e K ( A p p e n d i x V ) . 

The s i m u l a t e d f l o w d u r i n g October and November due t o a UZS v a l u e o f 

1 00 i n c h e s ( 25 4 mm) a r e h i g h e r t h a n t h o s e due t o a UZS v a l u e o f 0.00 

by some 118 per c e n t and 26 per ce n t r e s p e c t i v e l y The i n i t i a l h i g h UZS 

v a l u e o f 1 0 i n c h e s ( 2 5 . 4 mm) has a l s o i n c r e a s e d t h e s i m u l a t e d f l o w 

d u r i n g t h e months f o l l o w i n g November However, t h i s e f f e c t has been 

s l i g h t . 

The e x p l a n a t i o n f o r t h i s o b s e r v a t i o n i s t h a t when t h e s t o r a g e i s 

h i g h , i t can n o t p r e v e n t any o v e r l a n d f l o w due t o p r e c i p i t a t i o n , and 

moreover some m o i s t u r e f r o m upper zone s t o r a g e s e r v e s as d e l a y e d m-

f i l L r a L i o n , t h u s i n c r e a s i n g t h e groundwater f l o w The combined e f f e c t s 

o f t h e s e two f a c t o r s , t h e r e f o r e , r e s u l t i n h i g h r u n o f f volumes, u n t i l 

t h e s t o r a g e i s d e p l e t e d t o i t s normal c a p a c i t y . 

The per c e n t i n c r e a s e i n t h e t o t a l y e a r l y f l o w due t o i n c r e a s i n g 

t h e UZS v a l u e has been about 7 per c e n t . 

LZS ( i n i t i a l l o w e r zone s t o r a g e ) . The i n i t i a l l ower zone s t o r a g e i s 

a l s o v e r y i m p o r t a n t i n a f f e c t i n g t h e r u n o f f volume The e f f e c t o f t h i s 

p a r a m e t e r , l i k e t h a t o f UZS, i s w e l l pronounced a t t h e s t a r t o f t h e r u n 

F i g . 8 4 shows t h e p l o t o f two s i m u l a t e d h y d r o g r a p h s due t o LZS v a l u e s o f 

5.00 i n c h e s ( 1 2 7 mm) and 8 00 i n c h e s (103.2 mm). The m o n t h l y v a l u e s a r e 

a l s o p r e s e n t e d i n T a b l e L ( A p p e n d i x V) 

The change i n t h e y e a r l y v a l u e o f r u n o f f due t o t h e i n c r e a s e o f t h e 

LZS v a l u e i s a b o u t 22 per c e n t . The t a b l e o f m o n t h l y v a l u e s shows t h a t 

t h e r u n o f f volume o f a l m o s t e v e r y month has been i n c r e a s e d 

IRC ( I n t e r f l o w r e c e s s i o n r a l e ) . To i n v e s t i g a t e t h e s e n s i t i v i t y o f IRC, 

t h e parameter whose v a l u e was d e t e r m i n e d i n i t i a l l y by " a r n e s ' method o f 
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h y d r o g r a p h a n a l y s i s , t h e model was r u n t w i c e u s i n g IRC v a l u e s o f 0.70 
and 0 50 The m o n t h l y v a l u e s o f t h e s e two r u n s a r e p r e s e n t e d i n T a b l e M 
( A p p e n d i x V ) , and t h e c o r r e s p o n d i n g d a i l y h y d r o g r a p h s a r e shown i n F i g 85 
From t h e s e r e s u l t s i t i s o b s erved t h a t t h e y e a r l y t o t a l s have n o t been 
a f f e c t e d by t h e change i n IRC v a l u e l e t h e y e a r l y t o t a l s f o r b o t h r u n s 
a r e 9.8 i n c h e s . The v a r i a t i o n o f m o n t h l y f l o w s and d a i l y f l o w s due t o 
t h i s change i n IRC v a l u e s has a l s o been s l i g h t . 

KK24 (Groundwater r e c e s s i o n l a t e ) The v a l u e o f t h i s parameter l i k e 

IRC, was d e t e r m i n e d by Barnes' method o f h y d r o g r a p h a n a l y s i s However, 

s i n c e minor t r i a l and e r r o r a d j u s t m e n t was t h o u g h t t o be n e c e s s a r y , a 

s e n s i t i v i t y t e s t was c a r r i e d o u t by r u n n i n g t h e model w i t h KK24 v a l u e s 

o f 0.99 and 0 90 r e s p e c t i v e l y F i g 86 shows how a 10 per c e n t decrease 

o f t h i s parameter has i n c r e a s e d t h e peak v a l u e s a t t h e expense o f t h e 

d r y f l o w s The y e a r l y t o t a l was a l s o a f f e c t e d by t h i s v a r i a t i o n o f KK24 

i . e t h e 10 per c e n t d e c r e a s e i n KK24 r e s u l t e d i n an approxJmaLelv 10 per 

c e n t i n c r e a s e i n t h e v a l u e o f t h e y e a r l y f l o w . The t r e n d o f m o n t h l y 

f l o w v a r i a t i o n due t o KK24, T a b l e N ( A p p e n d i x V ) , i s e x p l a i n e d by t h e 

f a c t t h a t when t h e KK24 v a l u e i s l o w e r t h a n a c e r t a i n amount, t h e s l o p e 

o f i t s r e c e s s i o n c u r v e w o u l d be h i g h e r , t h u s any i n f l o w t o t h e g r o u n d 

w a t e r s t o r a g e w i l l be d e p l e t e d a t a f a s t e r r a t e t h a n t h a t w i t h t h e 

h i g h e r KK24 v a l u e . T h i s e x p l a n a t i o n , t h e r e f o r e , a c c o u n t s f o r low e r f l o w s 

( w i t h a KK.24 v a l u e o f 0.9 as compared t o 0 99) d u r i n g t h e summer months 

e x c l u d i n g A u g u s t . D u r i n g t h i s month, a p r e c i p i t a t i o n d e p t h o f 6.4 i n c h e s 

( 1 6 3 mm), c o n t r i b u t e d t o groundwater s t o r a g e w h i c h was d e p l e t e d s u b s e q u e n t l y 

KV (Groundwater r e c e s s i o n v a r i a b l e o u t p u t ) To s t u d y t h e e f f e c L o f t h i s 

p a rameter on t h e s i m u l a t e d f l o w s , t h e model was r u n t w i c e , u s i n g KV v a l u e s 

o f 1.00 and 0.00 The h y d r o g r a p h s o f d a i l y f l o w s o b t a i n e d a r e p r e s e n t e d 

i n F i g . 8 7 and t h e i r m o n t h l y v a l u e s a r e g i v e n i n T a b l e 0 ( A p p e n d i x V) 

From a sLudy o f t h e s e r e s u l t s a t i s n o t i c e d t h a t a KV v a l u e o f 1 00, has 

i n c r e a s e d t h e m o n t h l y f l o w s d u r i n g Lhe w n i L e i months, L h t p e r i o d when t h e 
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volume o f m o i s t u r e i n g roundwater s t o r a g e i s h i g h , whereas t h e f l o w d u r i n g 

t h e summer months has been decreased 

The i n c r e a s e i n Lhe y e a r l y v a l u e , u s i n g a KV v a l u e o f 1 0, has 

been about 5 per c e n t 

The e x p l a n a t i o n f o r t h i s e f f e c t o f KV can be g i v e n by r e f e r r i n g t o 

i t s i n c l u s i o n i n t h e groundwater o u t f l o w e q u a t i o n 

GWF = LKK4x ( 1 0 + KV x GWSkSGW 

I n t h i s e q u a t i o n , KV behaves i n such a way t h a t when i n f l o w t o gr o u n d 

w a t e r s t o r a g e i s t a k i n g p l a c e , t h e r e c e s s i o n r a t e i s l o w e r , whereas d u r 

i n g d r y p e r i o d s , t h e r e c e s s i o n r a t e i s s t e e p e r . 

O p t i m i z a t i o n r e s u l t s 

Numerous t r i a l s were r u n v h i l e i n f o r m a t i o n was b e i n g c o l l e c t e d 

c o n c e r n i n g t h e w o r k i n g o f t h e model and t h e s e n s i t i v i t y o f t h e para m e t e r s 

Almost a l l t h e para m e t e r s were v a r i e d , one a t a t i m e , d u r i n g t h e s e t r i a l 

r u n s The p a r a m e t e r s , however, w h i c h were n o t t e s t e d were t h o s e c o n t r o l l 

i n g t h e m o n t h l y and r a i n g a u g e p o t e n t i a l e v a p o t r a n s p i r a t i o n . The r e a s o n 

f o r n o t v a r y i n g t h e s e was t h a t n o t enough measured e v a p o L r a n s p i r a t i o n 

d a t a were c o l l e c t e d f r o m t h e e v a p o t r a n s p i r o m e t r i c s t u d i e s w h i c h were 

b e i n g c a r r i e d our c o n c u r r e n t l y w i t h t h i s s t u d y Lack o f a c c u r a t e 

p o t e n t i a l e v a p o t r a n s p i r a t i o n v a l u e s , t h e r e f o r e , d i d n o t a l l o w p r e c i s e 

e s t i m a t i o n o f Et p a r a m e t e r s . I t was t h o u g h t t h a t any t r i a l and e r r o r 

v a r i a t i o n o f t h e s e o p t i o n a l p a r a m e t e r s would add t o t h e c o m p l e x i t y o f 

t h e c a l i b r a t i o n o f t h e model and t h u s w o u l d mask t h e e f f e c t s o f t h e 

o t h e r parameters c o n t r o l l i n g t h e r u n o f f v olumes. Penman E t v a l u e s ( a l b e d o 

0 . 2 5 ) , were, t h e r e f o r e , t h o u g h t t o be t h e most r e p r e s e n t a t i v e f o r t h e 

catchment d u r i n g t h e i n i t i a l r u n s . 

The i n i t i a l o b j e c t i v e f o r t h e c a l i b r a t i o n o f t h e model was s e t t o 

be t h e t o t a l y e a r l y and s e a s o n a l d i s t r i b u t i o n o f t h e f l o w I n f a c t u s i n g 

t h e g u i d e l i n e s p r o v i d e d by C r a w f o r d and L i r s l e y ( 1 9 6 6 ) i t was p o s s i b l e t o 

produce a s i m u l a t e d y e a r l y v a l u e w h i c h c l u 3 i _ i y >iiatched t h e r e c o r d e d one 
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i . e 10.09 i n c h e s ( 2 56 3 mm) s i m u l a t e d and 10 02 i n c h e s ( 254 5 mm) r e c o r d e d 
However, when t h e seas o n a l v a l u e s o f s i m u l a t e d and r e c o r d e d f l o w s were 
c o n s i d e r e d , H was n o t i c e d t h a t t h e s i m u l a t e d f l o w s d u r i n g t h e surrmer 
months were h i g h e r t h a n t n e r e c o r d e d f l o w s w h i l e d u r i n g t h e months p r e 
c e d i n g t h e summer season t h e y were lo w e r R e f e r r i n g t o t h e v a l u e s o f 
t h e main p a r a m e t e r s i n t h e r u n o f t h e model i . e LZSN, CB and UZSN w h i c h 
were 7.5 i n c h e s (190.5 mm) 0 6 and 0.6 i n c h e s (17 4 mm) r e s p e c t i v e l y and 
c o n s i d e r i n g t h e r e s u l t s o f t h e s e n s i t i v i t y t e s t s , o u t l i n e d e a r l i e r , i t 
was c o n c l u d e d t h a t t h e CB v a l u e was r a t h e r h i g h . I t was t h e h i g h CB 
v a l u e w h i c h had r e s u l t e d i n t o o much b a s e f l o w a t t h e expense o f l o w 
d i r e c t r u n o f f d u r i n g F e b r u a r y , March and A p r i l A n o t h e r r e a s o n f o r t h e 
h i g h r u n o f f v a l u e s d u r i n g t h e summer months, w h i c h was n o t r e c o g n i s e d 
t h e n , was p r o b a b l y t h e r e s u l t o f low e v a p o t r a n s p i r a t i on v a l u e s (Penman 
E t ) used, w h i c h i n f a c t were l a t e r f o u n d t o be t o o low f o r t h e summer 
p e r i o d 

A t h i r d s o u r c e o f e r r o r or r a t h e r u n c e r t a i n t y l r tti& s i m u l a t i o n 

was i n t h e e s t i m a t i o n o f t h e i n i t i a l s o i l m o i s t u r e c o n d i t i o n s i n t h e 

upper zone, lower zone and groundwater s t o r a g e As was shown i n t h e 

r e s u l t s o f t h e s e n s i t i v i L y t e s t s , t h e s e p a r a m e t e r s a f f e c t t h e i n i t i a l 

c o n d i t i o n s s i g n i f i c a n t l y H i g h v a l u e s o f t h e s e p a r a m e t e r s c o u l d i n c r e a s e 

t h e f l o w s d u r i n g t h e f i r s t few months and th u s a f f e c t t h e y e a r l y v a l u e s . 

I n d e e d , d i f f i c u l t i e s i n t h e s e l e c t i o n o f t h e s e parameters e x p l a i n p a r t l y 

why t h e c a l i b r a t i o n o f t h e model s h o u l d p r e f e r a b l y be based on two or 

more y e a r s o f d a t a . 

The parameters e s t i m a t e d f o r t h e i n i t i a l r u n s o f t h e w a t e r y e a r 

1972, were t h u s changed i n o r d e r t o more c l o s e l y match t h e y e a r l y t o t a l 

as w e l l as t h e seas o n a l d i s t r i b u t i o n o f s i m j l a t e d and l e c o r d e d f l o w s 

When one s e t o f o p t i m i z e d p a r a m e t e r s vas o b t a i n e d , i t was used f o r o t h e r 

y e a r s . I n one case t h e a p p l i c a t i o n o f t h e c a l i b r a t e d p a r a m e t e r s t o 

o t h e r y e a r s produced r e s u l t s w h i c h u n d e r - e s t i m a t e d t h e y e a r l y f l o w s Dy 
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some 30 t o 35 per c e n t f o r two y e a r s , w h i l e i t o v e r - e s t i m a t e d a n o t h e r 
y e a r by j u s t 2 per c e n t . 

A s t u d y o f t h e s e r e s u l L s and t h e parameters used, showed t h a t t h e 

mam r u n o f f p a r a m e t e r s i . e LZSN, CB, UZSN were q u i t e c l o s e t o t h e i r 

o p t i m i z e d v a l u e s . However, s i n c e t h e i n i t i a l m o i s t u r e c o n d i t i o n s used 

i n t h e s i m u l a t i o n were d i f f e r e n t f r o m t h o s e a t t h e end o f t h e p r e c e d i n g 

w a t e r y e a r , some e r r o r had o c c u r r e d . T h i s s o u r c e o f ei*i.or, L h e r e f o r e , 

was c o r r e c t e d by u s i n g LZS, UZS, SGW and GWS v a l u e s f o r each year d e r i v e d 

f r o m t h o s e a t t h e end o f t h e p r e c e d i n g y e a r Thus t h e r e s u l t s t u r n e d out 

t o be more r e a s o n a b l e . 

A p p l i c a t i o n o f t h e Penman EO2 v a l u e s , o b t a i n e d f r o m c o r r e l a t i o n w i t h 

measured Et b e t t e r matched t h e y e a r l y and seas o n a l v a l u e s . The e f f e c t 

o f t h e e v a p o t r a n s p i r a t i o n i n p u t d a t a on t h e s i m u l a t e d f l o w w i l l be p r e 

s e n t e d i n t h e f o l l o w i n g c h a p t e r . 

A f t e r t h e c a l i b r a t i o n o f t h e v o l u m e t r i c p a r a m e t e r s , a t t e m p t s were 

made t o f i t t h e shape o f t h e h y d r o g r a p h o f s i m u l a t e d f l o w t o t h a t o f t n e 

r e c o r d e d f l o w . For t h i s r e a s o n , t h e r e c e s s i o n parameter KK24 was changed 

s l i g h t l y . 

The r e s u l t s o f t h e o p t i m i z a t i o n o f t h e para m e t e r s a r e g i v e n i n 

T a b l e 50 These r e s u l t s were used t o s i m u l a t e t h e f l o w o f t h e y e a r s 1969, 

1970, 1971 and 1973. Tog e t h e r w i t h t h e year o f 1972, t h e r e f o r e , f i v e 

y e a r s o f f l o w have been s i m u l a t e d and t h e r e s u l t s w i l l be d i s c u s s e d i n 

t h e f o l l o w i n g c h a p t e r 
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T a b l e 50 The v a l u e s o f parameters used f o r t h e s i m u l a t i o n o f 
t h e f l o w i n t h e Browney catchment by S t a n f o r d 
Watershed Model I V , s t a r t i n g 1 s t January,1969 

Parameter 

K l 1.17 C a l c u l a t e d 

IMPV 0.05 Measured 

EPXM 0.10 i n c h e s ( 2 5 mm) E s t i m a t e d 

UZSN 0.45 i n c h e s ( 1 1 4 mm) O p t i m i z e d 

LZSN 6.50 i n c h e s (165 1 mm) Op t i m i zed 

CB 0.10 O p t i m i z e d 

CC 0.60 O p t i m i z e d 1 

K3 0.2J E s t i m a t e d 

K24L 0 00 E s t i m a t e d 

K24EL 0.05 E s t i m a t e d 

L 936 f t (285 m) C a l c u l a t e d 

SS 0.06 C a l c u l a t e d 

NN 0.30 E s t i m a t e d 

IRC 0.70 C a l c u l a t e d 

KK24 0.990 O p t i m i z e d 

KV 1 00 O p t i m i z e d 

UZS 2.20 i n c h e s (55.9 mm) O p t i m i z e d 

LZS 13.10 i n c h e s (332 7 mm) O p t i m i z e d 

SGW 1 70 i n c h e s ( 43.2 mm) G p t i m i z e d 

GWS 1.70 i n c h e s (43.2 mm) O p t i m i z e d 

RES 0.00 E s t i m a t e d 

SRGX 0 01 E s t i m a t e d 

SCEP 0.10 E s t i m a t e d 

AEPT 0 10 E s t i m a t e d 
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CHAPTER TEN 
SIMULATION RESULTS AND DISCUSSION 

S i m u l a t i o n r e s u l t s o f wa t e r y e a r 1972 

The w a t e r year 1972 was used f o r o p t i m i z a t i o n o f t h e f i t t e d p a r a 

m e t e r s . The c r i t e r i a o f o p t i m i z a t i o n , were t h e y e a r l y t o t a l f l o w , 

m o n t h l y t o t a l f l o w and t h e h y d r o g r a p h shape The hy d r o g r a p h s o f t h e 

m o n t h l y f l o w and t h e mean d a i l y f l o w f o r t h i s year a r e p r e s e n t e d i n 

F i g s . 8 8 and 8 9 The y e a r l y t o t a l , mean m o n t h l y v a l u e s , s t a n d a r d de

v i a t i o n o f t h e m o n t h l y v a l u e s and t h e c o r r e l a t i o n c o e f f i c i e n t between 

s i m u l a t e d and r e c o r d e d m o n t h l y v a l u e s a r e shown i n T a b l e 51 The d i f f e r 

ence i n t h e y e a r l y t o t a l s o f t h e a c t u a l and s i m u l a t e d f l o w s i s l e s s t h a n 

3 per c e n t o f t h e a c t u a l f l o w The c o r r e l a t i o n c o e f f i c i e n t o f 0 99 f o r 

m o n t h l y f l o w shows t h a t t h e m o n t h l y v a l u e s a r e h i g h l y c o r r e l a t e d . The 

corre s p o n d e n c e between t h e m o n t h l y t o t a l s C5 shown i n F i g . 8 8 

T a b l e 51 Y e a r l y t o t a l f l o w s , rapati m o n t h l y f l o w , s t a n d a r d 
d e v i a t i o n o f t h e m o n t h l y f l o w and t h e c o r r e l a t i o n 
c o e f f i c i e n t between m o n t h l y r e c o r d e d and s i m u l a t e d 
f l o w s , w a t e r year 1972 

Y e a r l y t o t a l 

f t ^ / s e c 
(m /sec) 

Mean m o n t h l y 
f t ^ / s e c 
(m /sec) 

S t a n d a r d 
D e v i a t i o n 

M o n t h l y 
c o r r e l a t i o n 
c o e f f l e i e n t 

Recorded f l o w 18788 0 1567 7 1619.2 

(533 06) (44 . 5 ) 0.99 
S i m u l a t e d f l o w 18229.0 1518 8 1344.6 

(517 2) (4 3 1) 

F i g 89 shows how c l o s e l y t h e h y d r o g r a p h s o f a c t u a l and s i m u l a t e d 

mean d a i l y f l o w s match each o t h e r There a r e , as e x p e c t e d , some peaks 

i n t h e h y d r o g r a p h o f t h e r e c o r d e d f l o w s w h i c h a r e n o t r e p r o d u c e d by t h e 

model. As an example, t h e h i g h e s t peak o f a c t u a l f l o w w h i c h o c c u r r e d 

i n e a r l y F e b r u a r y , i s not s i m u l a t e d by t h e model. I n f a c t t h i s s p e c i f i c 

peak was n o t s i m u l a t e d u n any o f t h e numerous t r i a l s o f t h e model Only 
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a CB ( i n f i l t r a t i o n index) of 0 01 which increased some other peaks by 

300 pei cent, produced a mean d a i l y f l o w approximately matching the 

a c t u a l f l o w Under t h i s very low CB value, the baseflow was, however, 

too low, F i g 72. 

There are on the other hand some flows i n the simulated d a i l y 

hydrograph which over-estimate those i n the a c t u a l hydrograph As an 

example, the minor peak i n l a t e J u l y could be c i t e d The two main possible 

sources of e r r o r s causing such discrepancies are 

1. Inaccurate i n p u t data 

2. E m p i r i c a l r e p r e s e n t a t i o n of some of the processes i n v o l v e d 

Of the i n p u t data, the h o u r l y r a i n f a l l i s the most s i g n i f i c a n t i n the 

s j m u l a t i o n r e s u l t s . For the Browney basin the r e c o r d i n g Casella gauge i s 

l o c a t e d close t o the lower p a r t of the basin The value of the catch of 

r a i n by t h i s gauge times K-, (parameter expressing the r a t i o of mean r a i n -

f a l l over the catchmenL t o t h a t at Durham Observatory), might not have 

been r e p r e s e n t a t i v e of the a c t u a l r a m depth over the catchment at a l l 

times. Owirg to the s p a t i a l v a r i a t i o n s of r a i n f a l l over the catchment, 

v a r i e s during each r a i n M a l f u n c t i o n i n g of the pen of the gauge could 

a l s o r e s u l t i n erroneous r a i n f a l l data River gauging s t a t i o n s , no matter 

how accurate/ythey measure the streamflow, could also r e s u l t i n up t o a 

ten t o f i f t e e n per cent e r r o r 

The second source of e r r o r s A-S due to temporal and s p a t i a l v a r i a 

t i o n s of the i n d i v i d u a l h y d r o l o g i c processes o c c u r r i n g w i t h i n the catch

ment As au example, the e s t i m a t i o n o f the i n f i l t r a t i o n process w i t h i n 

a catchment by an average value i s f a r from being accurate This i s 

because i n f i l t r a t i o n i s a f u n c t i o n of s o i l surface cover, water content 

of the s o i l , h y d r a u l i c c o n d u c t i v i t y of the s o i l , s o i l t e x t u r e , s o i l 

s t r u c t u r e and temperature. Each of these facLors mentioned depends on 

other parameters which vary from l o c a t i o n to l o c a t i o n and from time t o 

time From t h i s d i s c u s s i o n , i t f o l l o w s t h a t there are some elemenLs of 

how accurat egth ey 
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empiricism i n the mathematical r e p r e s e n t a t i o n s of these h y d r o l o g i c pro
cesses Of a l l the processes i n the Stanford Watershed Model IV, the 
channel system i s the most e m p i r i c a l This i s because of the adoption 
of a s i n g l e time-delay-histogram f o r a l l c o n d i t i o n s of flow, w i t h o u t 
any c o n s i d e r a t i o n of f e dimensions of the channel system This weakness 
of the Stanford Watershed Model had been recognised by i t s authors and 
i n H S.P. (Hydrocomp Simu l a t i o n Programming), which i s the successor t o 
the Stanford Watershed Model, the "Kinematic Wave" r o u t i n g has been sub
s t i t u t e d f o r the Clarks' channel-time-delay histogram (Black,1973). 
Kinematic wave theory r e f e r s t o the movement of a f l o o d wave i n the 
downstream s e c t i o n of a r i v e r channel The kinematic movement of the 
wave i s governed by the c o n t i n u i t y equation —^ + ^ —^ = o, which r e -
f l e e t s the storage mechanism (Fleming and Fahmy,1973) I n t h i s formula 

Q - i s discharge at the 'cross s e c t i o n ' 

x - i s the distance i n the d i r e c t i o n of f l o w 

y - i s the v e r t i c a l depth of f l o w and 

t — i s the time 

I n t h i s approach the a c t u a l channel dimensions and roughness co

e f f i c i e n t s are used and continuous stage and d 1"charge throughout the 

system are c a l c u l a t e d 

Results of a p p l i c a t i o n of the model t o other >ears 

Table 52 shows the f i v e year t o t a l f l o w , mean monthly f l o w , standard 

d e v i a t i o n of mean monthly f l o w and the c o r r e l a t i o n c o e f f i c i e n t between 

the recorded and simulated monthly flows f o r the perio d January 1969 t o 

September 1973. 

For the i n d i v i d u a l years, s i m i l a r t a b l e s are presented i n the 

f o l l o w i n g paragraphs (Tables53 to 56). The graphs of monthly v a r i a t i o n s 

are shown i n Figs 90 t o 9-3 

Consideung the f i v e year r e s u l t s , the recorded mean monthly value 

exceeds che simulated vaiu'j by borne 2 per cenc (T&ole 52) . 
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Table 52 Five year t o t a l f l o w , mean monthly f l o w , standard 
d e v i a t i o n of the monthly f l o w and the c o r r e l a t i o n 
c o e f f i c i e n t between monthly recorded and simulated 
f l o w s , January 1969 t o September 1973 

5 year 
t o t a l 
f l /sec 
(r,1 /sec) 

Mean 
monthly 
f t 3 / s e c 

(m^/sec) 

Standard 
D e v i a t i o n 

Monthly 
C o r r e l a t i o n 

Recorded f l o w 

Simulated f l o w 

97078 85 
(2757 0) 

93054 21 
(2642 7) 

1668 05 
(47.37) 

1632 53 
(46.36) 

1451 86 

1537.83 
0.94 

Table 53 Yearly t o t a l f l o w , mean monthly f l o w , standard 
d e v i a t i o n of the monthly f l o w and the c o r r e l a t i o n 
c o e f f i c i e n t between monthly recorded and simulated 
f l o w s , January l o Sep Lemuel. 13&9. 

Yearly 
t o t a l 
f t /sec 
(m^/sec) 

Mean 
monthly 
f t 3 / s e c 

(m^/sec) 

Standard 
d e v i a t i o n 

C o r r e l a t i o n 
C o e f f i c i e n t 

Recorded f l o w 

Simulated How 

26509 5 
(752 9) 
26000 1 
(738 4) 

2945 5 
(83 6) 
2888.9 
(82 0) 

1833 1 

1997.7 
0 90 

A monthly c o r r e l a t i o n c o e f f i c i e n t of 0 94 shows t h a t the recorded and 

simulated monthly flows are h i g h l y c o r r e l a t e d For the i n d i v i d u a l yeais 

of 1969 (Jan-Sept) (Table 53), 1970 (Table 54) and 1971 (Table 55), the 

c o r r e l a t i o n c o e f f i c i e n t s are high and the mean monthly values or y e a r l y 

t o t a l s of the recorded and simulated flows vary by only 1 9 to 8 7 per 

cent. The r e s u l t s f o r the water year 1973, however, show t h a t simulated 

mean monthly f l o w under-estimates the recorded f l o w by some 38 per cent 

(Table 56). A c o r r e l a t i o n c o e f f i c i e n t of 0.57 shows t h a t Lhere i s no 

c o r r e l a t i o n between the monthly values 

Due t o t h i s appreciable d i f f e r e n c e between recorded and simulated 
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Table 54 Yearly t o t a l f low, mean monthly f l o w , standard 
d e v i a t i o n o f the monthly f l o w and the c o r r e l a t i o n 
c o e f f i c i e n t between monthly recorded and simulated 
flows,water year 1970 

Yearly 
t o t a l 
3 

f t /sec 
(m /sec) 

Mean 
monthly 
f t /sec 
(m /sec) 

Standard 
D e v i a t i o n 

C o r r e l a t i o n 
c o e f f i c i e n t 

Recorded f l o w 220?6 0 1835 5 1561.8 
(625 5) (52.1) 

0.97 
Simulated f l o w 23936 4 1994.7 1902 4 

(679.8) (56 6) 

Table 55 Yearly t o t a l f l o w , mean monthly f l o w , standard 
d e v i a t i o n of the monthly flow and the c o r r e l a t i o n 

f l o w s , water year 1971 

Yearly t o t a l 3 
f t /sec 
(m^/sec) 

Mean 
monthly 
f t 3 / s e c 
(m3/sec) 

Standard 
d e v i a t i o n 

C o r r e l a t i o n 
c o e f f i c i e n t 

Recorded f l o w 17593 2 1466.1 953 8 
(499 6) (41.6) 0.96 

Simulated f l o w 18368 4 1530 7 948 4 
(521 7) (43 5) 

Table 56 Yearly t o t a l f low, mean monthly f l o w , standard 
d e v i a t i o n of the monthly f l o w and c o r r e l a t i o n 
c o e f f i c i e n t between monthly recorded and simulated 
f l o w s , water year 1973 

Yearly 
t o t a l 

f t 3 / s e c 
(m 3/sec) 

Mean 
monthly 
ft 3 / s e c 
(m3/sec) 

Standard 
D e v i a t i o n 

C o r r e l a t i o n 
c o e f f i c i e n t 

Recorded How 10160 4 846 7 394 4 
(288 6) (24 0) 

0 57 
Simulated f l o w 6388 4 5?3 4 119 8 

(181 4) (14 9) 
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f l o w f o r Lhe water year 1973, the f l o w f o r t h i s year was simulated using 
lower values of LZSN and CB I t was thought t h a t i f the optimized 
parameters used were not r e p r e s e n t a t i v e , thus r e s u l t i n g i n low simulated 
f l o w f o r 1973, then, lower values of LZSN and CB, (5 5 and 0 05 respect
i v e l y ) should increase uhe s i m u l a t i o n r e s u l t s f o r t h i s year This however 
proved not t o be the case, l e. the t o t a l f l o w obtained was only 2 per 
cent higher than the one obtained w i t h the LZSN of 6 5 and CB of 0 1 
( F i g 9 4) . 

Of course decreasing the values of LZSN and CB a f f e c t the simu

l a t e d flows f o r the other years as w e l l This p o i n t was discussed e a r l i e r 

i n connection w i t h the s e n s i t i v i t y tests,of parameters as a p p l i e d t o the 

Browney catchment Yet another example could be given f o r the water 

year 1971, when lowering the CB value from 0 1 t o 0 06 increased the 

ye a r l y r u n o f f by more than 18 per cent and the r u n o f f d uung the month 

of August by more than 44 per cent (Table 57) August has been the month 

w i t h 7 32 inches (186 mm) of r a i n and thus i t i s c l e a r how lowering the 

CB value could r e s u l t i n such an increase m the simulated flow of t h i s 

month and t h a t of the whole water year. 

Considering t h i s e f f e c t of CB upon the simulated flow during the 

water year 1971, i t i s concluded t h a t lowering the CB value not only 

has not co r r e c t e d the under-estimation of fl o w d u r i n g water year 1973, 

but i t could a l s o have r e s u l t e d i n i n c r e a s i n g the fl o w f o r other years 

s i g n i f i c a n t l y 

I t should also be mentioned t h a t i f the CB value i s too low, peak 

flows w i l l be over-estimated and the baseflow would be jnder-estimated 

(Crawford et al>1966), and conversely t h a t i f the CB value i s h i g h , peaks 

would be too low w h i l e baseflow i s too h i g h . 

Since f o r the water year 1973, the baseflou has been p r o p e r l y 

simulated ( F i g 98), t h e r e f o r e i t can be s t a t e d t h a t the value of CB which 

has been c o r r e c t i n s i m u l a t i n g the flows d u r i n g 1969 t o 1972 i s not i n 
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e r r o r f o r 1973 as w e l l To e x p l a i n che probable reasons f o r under
e s t i m a t i o n of the simulated f l o w during the water year 1973, the f o l l o w 
i n g statements can be made. 

1. The f o r m u l a t i o n of the process of a c t u a l e v a p o t r a n s p i r a t i o n might 

have r e s u l t e d i n such under-estimation of simulated f l o w According t o 

the model, a c t u a l e v a p o t r a n s p i r a t i o n occurs at the p o t e n t i a l r a t e i f 

t here i s moisture a v a i l a b l e i n the upper zone storage (UZSN) . During 

the water year 1973, an exceptional year w i t h the lowest t o t a l r u n o f f 

i n the 17 years of study, 72 per cent of the p r e c i p i t a t i o n occurred 

d u r i n g the summer months, (Table 3 9) The d i s t r i b u t i o n of p r e c i p i t a L i o n , 

the high e v a p o t r a n s p i r a t i o n demand dur i n g the summer and the modelling 

of the a c t u a l e v a p o t r a n s p i r a t i o n process, t h e r e f o r e , might have caused 

the loss of too much moisture through e v a p o t r a n s p i r a t i o n and thus pro

duced low simulated r u n o f f . 

2. The r a t i o of the average segment r a i n f a l l t o t h a t of the gauge 

r a i n f a l l (K^) might have been under-estimated f o r the storms o c c u r r i n g 

d u r i n g t h i s water year. Thus t h i s f a c t o r could p a r t l y account f o r the 

low simulated f l o w d u r i n g t h i s year. 

3. The amount of mine water pumped i n t o the r i v e r during the year 1973 

was about 0.54 inches (13.6 mm) Mine water, thus accounts f o r about 

10 per cent of the t o t a l recorded f l o w d u r i n g t h i s year, and i t , t h e r e 

f o r e , p a r t l y explains the low simulated f l o w d u r i n g water year 1973. 

For the study of mean d a i l y f l o w s , the d u r a t i o n curves of the 

simulated and recorded flows are presented i n F i g 95 The two d u r a t i o n 

curves c l o s e l y match each other except at the lower end where the sim-
3 3 

u l a t e d mean d a i l y flows below 10 f t /sec (0 028 m /sec) are 9 45 per 

cent as compared w i t h 2 2 per cent t o r the recorded f l o w s . 

As f a r as the r e p r o d u c t i o n of peak d a i l y flows are concerned, 
3 3 

the highest recorded mean d a i l y f l o w i s 1109 0 f t /sec (31 03 m /sec) 

i n August 1971 The corresponding value of the simulated f l o w i s 
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3 3 

984 3 f t Sec (27 6 m /sec). The v a r i a t i o n of simulated and a c t u a l mean 

d a i l y flows f o r each year can also be observed from e i t h e r of F i g s . 96 

to 99 

Baseflow c o n t r i b u t i o n of t o t a l r u n o f f 

One of the o b j e c t i v e s of s i m u l a t i o n o f the h y d i o l o g i c regime of a 

watershed i s the e s t i m a t i o n of baseflow. The amount of baseflow also 

c a l l e d groundwater f l o w or dry weather f l o w and i t s hydrograph i s an 

i n d i c a t i o n of the i n f i l t r a t i o n c a pacity of a basin and the p e i m e a b i l i t i e s 

and storage c a p a c i t i e s of the u n d e r l y i n g rocks 

Kunkle (1962) d i v i d e d groundwater discharge i n t o two components 

bank and basin storage discharge Bank storage i s due t o storage of 

r u n o f f d u r i n g high r i v e r stages This component of groundwater i s not of 

much s i g n i f i c a n c e f o r a basin l i k e the Browney due t o the r a t h e r imper

meable nature of themamly boulder c l a y deposits adjacent t o the r i v e r 

Basin storage discharge i s t h a t p o r t i o n of p r e c i p i t a t i o n which has i n 

f i l t r a t e d through the surface l a y e r s , and upon reaching the main ground

water zone has been delayed and subsequently released i n t o the streams 

I t i s t h e r e f o r e concluded t h a t the d i s t r i b u t i o n , amount and i n 

t e n s i t y of p r e c i p i t a t i o n a f f e c t s t h i s component of r u n o f f I f the pre

c i p i t a t i o n f a l l s during a perio d of high e v a p o t r a n s p i r a t i o n demand, less 

water would i n f i l t r a t e i n t o the s o i l l a y e r , thus groundwater f l o w would 

decrease. 

There are several methods commonly used f o r the s e p a i a t i o n and 

e s t i m a t i o n ot groundwater f l o w from t o t a l f l o w ( L i n s l e y and others ,1958) 

For example, baseflow can be estimated by drawing a l i n e j o i n i n g the 

p o i n t of r i s e t o a poi n t on the hydrograph N days a f t e r the peak, and 

measuring the area under t h i s l i n e . A l t e r n a t i v e l y , the recession curve 

p r i o r to the storm can be extended under the peak and then j o i n e d t o a 

p o i n t on the hydrograph corresponding t o N days a f t e r the peak The 

assumption made i n adopting chese methods i s tha*. the time base of d i r e c t 
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r u n o f f i s constant from storm t o storm and the value of N i s estimated 
by the s i z e of the basin 

Kunkle (1962) mentioned t h a t these methods are d i f f i c u l t t o use 

and are hard t o employ c o n s i s t e n t l y Therefore, he suggested a method 

which could c o n s i s t e n t l y be used f o r comparative study w h i l e g i v i n g 

reasonable p r e c i s i o n . He assumed t h a t the basin storage discharge could 

be represented g r a p h i c a l l y by a s t r a i g h t l i n e j o i n i n g the lowest values 

at the end of the year. For the bank storage discharge, he suggested 

a s e r i e s of recession l i n e s having the same slope These recession l i n e s 

are connected by a s e r i e s of s t r a i g h t l i n e s j o i n i n g the minimum discharge 

on semi-log paper 

I n the Stanford Watershed Model IV, the groundwater o u t f l o w i s r e 

presented by an equation of the form 

GWF = LKK4 x ( ] . 0 + KVxGWS)x SGW 

where GWS i s groundwater slope and SGW i s groundwater storage I n t h i s 

equation LKK4 = 1 0 - (KK24) where KK24 i s the r a t i o of c u r r e n t 

groundwater discharge t o the discharge 24 hours e a r l i e r 

To show the amount of groundwater f l o w by the Stanford Watershed 

Model, Table 58 has been prepared. This t a b l e shows the amount of ground

water as a percentage of the t o t a l p r e c i p i t a t i o n and as a percentage of 

the recorded and simulated flows f o r the period January 1969 t o September 

1973 

The percentage of the groundwater f l o " t o t o t a l p r e c i p i t a t i o n 

v a r i e s from 26 03 (corresponding t o an annual p r e c i p i t a t i o n of 28 39 

inches (721 mm)) t o 11 64 (an annual p r e c i p i t a t i o n of 22 50 inches 

(572 mm)). The low percentage of 11 64 belongs t o year 1973 Though 

the depth of p r e c i p i t a t i o n d u r i n g t h i s year was lower than the other 

years, the temporal d i s t r i b u t i o n of p r e c i p i t a t i o n was the major reason 

f o r the low value of 11 64 This i s shown by l o o k i n g at the percentage 

d i s t r i b u t i o n of p r e c i p i t a t i o n d uring the w i n t e r and summer seasons of 
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each year (Table 59). During the water year 1973, 72 per cent of the 

t o t a l p r e c i p i t a t i o n occurred during the summer This f i g u r e f a r exceeds 

the corresponding values f o r other years. Therefore i t can be concluded 

t h a t much of the p r e c i p i t a t i o n d u r i n g t h i s year was used f o r the evapo-

t r a n s p i r a t i o n d u r i n g the summer season This then h.-.s r e s u l t e d i n less 

moisture i n f i l t r a t i o n and less groundwater f l o w f o r the water year 1973 

Table 59 Percentage d i s t r i b u t i o n of p r e c i p i t a t i o n d uring 
the w i n t e r and summer seasons of water years 
1970-1973 

Water year 1970 1971 1972 1973 

Winter 
(Oct -Mar.) 59 1 46 5 53.9 28 0 

Summer 
( A p r i l - S e p t ) 40 9 53.5 46.1 72 .0 

A s i m i l a r explanation could be given f o r the r e l a t i v e l y low per

centage of groundwater f l o w t o p r e c i p i t a t i o n d u r i n g tne water year 197l 

The t o t a l p r e c i p i t a t i o n d uring t h i s year was 30 47 inches (774 mm) which 

i s more than those of other years. However, the percentage of ground

water f l o w Lo p r e c i p i t a t i o n d uring t h i s year has been the lowest ( w i t h 

the exception of year 1973) Studying the monthly d i s t r i b u t i o n of r a i n 

f a l l d u r i n g the water year 1971 showed t h a t less than 25 per cent of 

the y e a r l y r a i n f a l l (7 32 inches (186 mm)) had occurred i n l a t e August 

and September, a perio d when s o i l moisture storage i s low owing t o hi g h 

e v a p o t r a n s p i r a t i o n d u r i n g the preceding summer months. Thus much of 

t h i s r a i n f a l l probably had been used i n r e p l e n i s h i n g s o i l moisture storag 

Groundwater flow expressed as a percentage of the t o t a l recorded 

f l o w v a r i e s from 43 4 per cent (corresponding to an annual p r e c i p i t a t i o n 

of 25.78 inches (655 mm)) t o 71 32 per cent (corresponding t o an annual 

p r e c i p i t a t i o n of 30.47 inches (774 mm)) The average value f o r the f i v e 

year p e r i o d i s 58.13 per cent 
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As a percentage of simulated f l o w , the range i s from 43.69 t o 
77.29 per cent The hi g h value of 77.29 i s due t o year 1973, where 
simulated f l o w i s below the recorded f l o w by some 38 per cent. The 
y e a r l y average f o r the f i v e year period i s 62 75 per cent. 

As f o r seasonal v a r i a t i o n s , Lhe average summer baseflow during the 

f i v e year period i s 69 69 per cent of t o t a l f l o w w h i l e the average base-

f l o w d u r i n g the wint e r p e r i o d i t i s 61 12 per cent. 

The percentage of baseflow d u r i n g the summer could be compared 

w i t h those values r e p o r t e d by Smith (1969) f o r two catchments i n the d r a i n 

age basins of the r i v e r s Wear and Tees, north-east England 

Using Kunkle (1962) i n h i s study of baseflow, he compared the con

t r i b u t i o n of baseflow t o r u n o f f i n two upland catchments of a r e l a t i v e l y 

impermeable nature. The t o t a l baseflow, thus obtained, averaged 65 per 

cent of the summer discharge f o r one catchment, as compared Lo 32 per 

cent f o r the othe r . He a t t r i b u t e d t h i s d i f f e r e n c e t o v a r i a t i o n s i n the 

c h a r a c t e r i s t i c s of catchments. 

I n a s i m i l a r study of a c t u a l groundwater discharge to the t o t a l 

r i v e r f l o w f o r the r i v e r Stour, Ineson and Downing (1964) found t h a t 

the baseflow from t h i s permeable sandstone catchment ranged between 65 

per cent and 78 per cent of the t o t a l r i v e r f l o w For the r i v e r I t c h e n , 

Hampshire, which has a chalk a q u i f e r , the corresponding values were 

between 77 and 90 per cent d u r i n g the period October 1958 t o September 

1962. 

As fzr as the average monthly v a r i a t i o n of baseflow i s concerned, 

January i s the month of maximum groundwater f l o w ( f i v e year average of 

1 1 inches (28 mm)), and October i s the month of l e a s t groundwater l e 

0.21 inches (5 mm) During the f i v e year p e r i o d , the average monthly 

groundwater f l o w decreased from lanuary t i l l October ( w i t h the exception 

of a s l i g h t r i s e i n August which i s u s u a l l y caused by high r a i n f a l l d u r i n g 

J u l y and August) Groundwater f l o w increased d u r i n g the p c n o d October 
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t o January The monLhly v a r i a t i o n s of baseflow f o r i n d i v i d u a l years 

are shown i n F i g 100 

Act u a l e v a p o t r a n s p i r a t i o n 

The a c t u a l e v a p o t r a n s p i r a t i o n w i t h i n the Browney catchment can 

also be st u d i e d from the r e s u l t s of s i m u l a t i o n by the use of the Stanford 

Watershed Model. These r e s u l t s are shown i n Table 60 and Figs 101 t o 

105 Table 60 shows the y e a r l y v a r i a t i o n i n the values of p o t e n t i a l and 

a c t u a l e v a p o t r a n s p i r a t i o n 

Table 60 Values of p o t e n t i a l and a c t u a l e v a p o t r a n s p i r a t i o n and 
t h e i r r e s p e c t i v e d i f f e r e n c e s i n inches (mm) du r i n g 
the water year5l969-1973 

Water year 1969 
(Jan -Sept.) 1970 1971 1972 1973 

P o t e n t i a l Et 19.03 24.32 20 80 21 52 21 33 
(483 4) (617 8) (528 3) (546.7) (541 8) 

Ac t u a l Et 16 93 20 63 18 58 19 44 18 41 
(430 0) (524 0) (471 9) (493 8) (467 6) 

D i f f e r e n c e 2.10 3.69 2 22 2.08 2.92 
(53.4) (93 8) (56 4) (52 9) (74.2) 

Diff e r e n c e s i n the y e a r l y values of a c t u a l and p o t e n t i a l evapo

t r a n s p i r a t i o n range from 3,69 inches (93.8 mm) t o 2 08 inches (52.9 mm), 

corresponding t o the water year 1970 and 1972 r e s p e c t i v e l y These d i f f e r 

ences are due t o the amount and d i s t r i b u t i o n of p r e c i p i t a t i o n and poten

t i a l e v a p o t r a n s p i r a t i o n . The r e l a t i v e l y h i g h e v a p o t r a n s p n a t i o n demand 

of 24.32 inches (617 8 mm) and low p r e c i p i t a t i o n d u r i n g the summer of 1970 

( F i g 102), r e s u l t e d i n the large d e f i c i t of 3 69 inches (93 8 mm) The 

highest monthly d e f i c i t i s about 1 30 inches (33 mm) i n June 1970 During 

t h i s year, about 4 45 inches (113 mm) of the e v a p o t r a n s p i r a t i o n demand 

was s a t i s f i e d from s o i l moisture storage. 

Monthly v a r i a t i o n s of a c t u a l c v a p o t i a n s p i r a t i o n can be s t u d i e d 

from the water balance (/^ac/fa»6oi- the f i v e year p e r i o d presented i n 
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Figs 101 t o 105. I n each f i g u r e the monthly values of r a i n f a l l , poten
t i a l e v a p o t r a n s p i r a t i o n and a c t u a l evapotranspiraLion, as estimated by 
the Stanford Watershed Model, are presented. 

I n these f i g u r e s the surplus zones show the perio d and the co r r e s 

ponding amount by which p r e c i p i t a t i o n exceeds e v a p o t r a n s p i r a t i o n 

The zones l a b e l l e d ' s o i l moisture use', show the period and the 

corresponding amount of moisture drawn from the s o i l moisture reserves 

This i s the period during which e v a p o t r a n s p i r a t i o n i s i n excess of pre

c i p i t a t i o n . 

The d e f i c i t zones show the perio d and the r e s p e c t i v e amount by 

which a c t u a l e v a p o t r a n s p i r a t i o n drops below the p o t e n t i a l values. From 

a general study of these f i g u r e s , i t i s shown t h a t a c t u a l evapotrans

p i r a t i o n f a l l s below p o t e n t i a l e v a p o t r a n s p i r a t i o n i n Marcn ana reacnes 

i t s maximum i n June or J u l y . 

An important observation from these f i g u r e s i s t h a t t h ere are months 

d u r i n g which the t o t a l monthly p r e c i p i t a t i o n was i n excess of the monLhly 

e v a p o t r a n s p i r a t i o n , yet a c t u a l Et has been below t h a t of p o t e n t i a l Et 

e.g. A p r i l 1973 or September 1969. This i s explained by the e f f e c t s of 

an uneven temporal d i s t r i b u t i o n of r a m during those months During a 

pe r i o d of evapoLranspiration demand, f o r example, no moisture might have 

been a v a i l a b l e , whereas on some other days moisture might have been i n 

excess of e v a p o t r a n s p i r a t i o n . Since i n the Stanford Watershed Model IV, 

r u n o f f and other components of the h y d r o l o g i c cycle (e g. a c t u a l eva

p o t r a n s p i r a t i o n ) are c a l c u l a t e d every 15 minutes, the model t h e r e f o r e 

accounts f o r the e f f e c t of any short dry period on e v a p o t r a n s p i r a t i o n 

This short term moisture accounting by the model i s an advantage when 

compared w i t h other models such as t h a t of Penman which was used pre

v i o u s l y f o r the e s t i m a t i o n of a c t u a l e v a p o t r a n s p i r a t i o n 

Moisture s u r p l u s , according t o Figs 101 t o 105 occurs mostly 

d u r i n g November t o Ffbruarv, the oeri o d of l e a s t e v a p o t r a n s p i r a t i o n demand. 



CD 

0) 

CO 

CD 

0) l 
I 

to 
(D 

to in 
in 

10 V) 

Q C / ) C 0 Q _ Q . < u < a ) 

I 

O O O O O O 
io <a- to co — o 

S3l|0U| 



28 6 

\ 

• / 
•J 

S8UDU 

O 

O 
a> >. 
v.. 
(Li _ 

D 
5 
c 
to 
a 

>» a> c 
5 o 
CO 

a? 
cn 
"D 

<D 

(/> 

CM 
o 

Ll_ 
o 



287. 

cn 

a> 

a> 

a 

a> 

\ 
1 CD a> 

en a> 
10 I a> CC 

0> 
4) 10 I 

to to 

I 

/ D (0 W 

O O N- tO tf) rO CM 
S9LpU| 



288 

CO 

^=7 

7 10 o 

0) 

o 
W O " 

0) 

a> 

• > 

\ to 

• CD 

0) 0> 

a) or CO 

a> 
10 

• 

O O O O 
CD in ro CVJ 

ssipui 



CO 

1 
ro 

0) 

o> 
o to 

CO 

to 

O <D 
03 

a> 
03 

a> I 

\ CD a> 
0) I 

CD 0> CO 
<u to CO to 

CD 
O CO CO in 

CM to S8l|3U| 



290 

During t h i s period some of the surplus moisture w i l l c o n t r i b u t e t o the 
s o i l moisture r e s e r v o i r which has been depleted d u r i n g the preceding 
summer. 

F i n a l l y , the method of a c t u a l e v a p o t r a n s p i r a t i o n e s t i m a t i o n by the 

Stanford Watershed Model can be compared w i t h t h a t or Penman (1949), 

which was used i n the e a r l i e r s e c t i o n on e v a p o t r a n s p i r a t i o n For t h i s 

comparison, the y e a r l y values of a c t u a l e v a p o t r a n s p i r a t i o n f o r the water 

year 1971 obtained by the two methods are considered The t o t a l a c t u a l 

e v a p o t r a n s p i r a t i o n estimated by the Stanford Watershed Model during t h i s 

year was lower than the p o t e n t i a l Et by about 56 4 mm, Table 60, w h i l e 

the a c t u a l Et c a l c u l a t e d by the Penman method i s lower than p o t e n t i a l 

value by only 5 1 mm (Table 22) Such a d i f f e r e n c e i n the e s t i m a t i o n 

of a c t u a l e v a p o t r a n s p i r a t i o n by these models can be explained by two 

main f a c t o r s 

1 - I n the Stanford Watershed Model IV p r o v i s i o n i s made f o r d i r e c t run

o f f which q u i t e o f t e n occurs, e s p e c i a l l y i n upland areas due t o intense 

thundery r a i n , Thus during a h i g h i n t e n s i t y r a i n f a l l , some moisture 

might be l o s t as r u n o f f , w h i l e there i s s t i l l some moisture d e f i c i e n c y 

i n the s o i l I n the Penman model, however, no r u n o f f i s assumed t o 

occur, u n t i l the whole s o i l moisture d e f i c i e n c y i s removed 

2 - As mentioned e a r l i e r a c t u a l e v a p o t r a n s p i r a t i o n i s c a l c u l a t e d every 

15 minutes by the Stanford Watershed Model I n the Penman model, on the 

o t h e i hand, the e s t i m a t i o n of a c t u a l e v a p o t r a n s p i r a t i o n was based on 

monthly r a i n f a l l and p o t e n t i a l e v a p o t r a n s p i r a t i o n data. Thus i n the 

Penman model, the e f f e c t of uneven tempoial d i s t r i b u t i o n o f r a m on 

e v a p o t r a n s p i r a t i o n i s not considered This e f f e c t i s very important 

d u r i n g one month when there i s a dry period of t h i e e t o fou r weeks 

f o l l o w e d by a high r a i n f a l l amount. 

E f f e c t of the p o t e n t i a l e v a p o t r a n s p i r a t i o n input data on the r e s u l t s of 

streamflow s i m u l a t i o n 

P o t e n t i a l e v a p o t r a n s p i r a t i o n dat? used i n t h i s study to simulate 
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r u n o f f were t h o s e o f t h e Penman w h i c h were shown t o be most r e 
p r e s e n t a t i v e o f t h e catchment p o t e n t i a l e v a p o t r a n s p i r a t i o n (See c h a p t e r 
f i v e ) Under c i r c u m s t a n c e s when t h e a c c u r a c y o f t h e e v a p o t r a n s p i r a t i o n 
d a t a i s unknown, o p t i o n a l parameters a v a i l a b l e i n t h e S t a n f o r d Watershed 
Model c o u l d be v a r i e d m o r d e r t o o p t i m i z e t h e e v a p o t r a n s p i r a t i o n daLa 
T h i s method, however, adds t o t h e c o m p l e x i t y o f t h e o p t i m i z a t i o n p r o 
c edure 

As p a r t o f t h i s s t u d y , t h e Penman p o t e n t i a l e v a p o t r a n s p i r a t i o n 

v a l u e s were used t o i n v e s t i g a t e t h e e f f e c t o f d i f f e r e n c e s i n i n p u t 

p o t e n t i a l e v a p o t r a n s p i r a t i o n d a t a on t h e s i m u l a t i o n r e s u l t s and a l s o t o 

t e s t t h e r e p r e s e n t a t i v e n e s s o f t h e Penman EC>2 v a l u e s as an i n d i c a t i o n 

o f t h e average p o t e n t i a l e v a p o t r a n s p i r a t i o n w i t h i n t h e catchment. 

The r e s u l t s o f t h e y e a r l y s i m u l a t e d f l o w s u s i n g t h e Penman Et 

v a l u e s f o r t h e f i v e year p e r i o d under s t u d y a r e shown i n F i g . 1 0 6 . On 

t h e same f i g u r e t h e r e c o r d e d y e a r l y f l o w s and s i m u l a t e d f l o w s u s i n g t h e 

Penman EO2 v a l u e a r e p l o t t e d These r e s u l t s i n d i c a t e t h a t t h e s i m u l a t e d 

f l o w s w i t h Penman E t , exceed those w i t h Penman EO2J d u r i n g each y e a r 

o f t h e s t u d y The s i m u l a t e d f l o w s w i t h Penman Et a l s o exceed t h e r e 

c o r d e d f l o w s d u r i n g t h e f i r s t f o u r y e a r s o f t t i e ^ t u d y For t h e w a t e r 

y e a r 1973, however, t h e s i m u l a t e d f l o w s w i t h Penman E t a r e below t h o s e 

o f t h e r e c o r d e d f l o w , though t h e d i f f e r e n c e i s s m a l l e r t h a n t h a t ob

s e r v e d w i t h Penman EO2 T h i s d i f f e r e n c e i s about 26 per c e n t ( 1 44 

i n c h e s (37 mm)). 

From a s t u d y o f F i g . 1 0 6 i t i s a l s o n o t i c e d t h a t t h e e f f e c t o f 

d i f f e r e n c e s i n i n p u t e v a p o t r a n s p i r a t i o n has been more pronounced on t h e 

w a t e r year 1971 ( a r e l a t i v e l y wet y e a r ) , t h a n any o t h e r year For t h i s 

y e a r , t h e i n c r e a s e i n t o t a l s i m u l a t e d f l o w owing t o d i f f e r e n c e s i n eva

p o t r a n s p i r a t i o n has been 1 39 i n c h e s (35 mm) w h i l e t h e c o r r e s p o n d i n g 

v a l u e f o r t h e w a t e r year 1970 has been 0 41 i n c h e s ( 1 0 mm) and f o r t h e 

f i v e year average hat. been 0 84 i n c h e s ( 2 1 ran-) The r e s u l t s can be! ex-
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p l a i n e d by t h e f a c t t h a t t h e e f f e c t o f d i f f e r e n c e s i n t h e p o t e n t i a l 
e v a p o t r a n s p i r a t i o n v a l u e on r u n o f f i s g r e a t e r under wet t h a n d r y con
d i t i o n s . When a l o t o f m o i s t u r e i s a v a i l a b l e i n c r e a s i n g p o t e n t i a l eva
p o t r a n s p i r a t i o n v a l u e s decreases r u n o f f by t h e s i m p l i f i e d w a t e r b a l a n c e 
f o r m u l a i . e r u n o f f = p r e c i p i t a t i o n - e v a p o t r a n s p i r a t i o n However under 
d r y c o n d i t i o n s t h e r a t e o f e v a p o t r a n s p i r a t i o n i s c o n t r o l l e d by t h e a c t u a l 
s t a t e o f m o i s t u r e , t h e r e f o r e , t h e e f f e c t s o f t h e d i f f e r e n c e s i n evapo
t r a n s p i r a t i o n d a t a upon r u n o f f w o uld depend upon t h e l e v e l o f m o i s t u r e 
a v a i l a b i l i t y . The lo w e r t h e m o i s t u r e l e v e l , t h e l e s s would be t h e 
e f f e c t s . 

T h i s p o i n t can be ob s e r v e d by r e f e r r i n g t o T a b l e 6 1 . T h i s t a b l e 

shows t h a t d e c r e a s i n g p o t e n t i a l e v a p o t r a n s p i r a t i o n d u r i n g August 1971 ( a 

r e l a t i v e l y wet month w i t h 7.32 i n c h e s ( 186 mm) o f r a i n ) by 0.47 i n c h e s 

(12 mm) has r e s u l t e d i n a s i m i l a r r e d u c t i o n i n a c t u a l e v a p o t r a n s p i r a t i o n 

i . e . 0 46 i n c h e s (12 mm). However d u r i n g August 1970 ( a r e l a t i v e l y d r y 

month w i t h 3.0 i n c h e s ( 7 6 mm) o f r a i n ) , d e c r e a s i n g p o t e n t i a l e v a p o t r a n s -

p i r a L i o n by 0.59 i n c h e s (15 mm) has r e d u c e d t h e a c t u a l e v a p o t r a n s p i r a t i o n 

by o n l y 0 21 i n c h e s ( 5 mm), and t h u s t h e e f f e c t o f l o w e r i n g p o t e n t i a l 

e v a p o t r a n s p i r a t i o n has been m o d i f i e d 

T a b l e 6 1 • The e f f e c t s o f d i f f e r e n c e s i n p o t e n t i a l E t on a c t u a l 
Et under two d i f f e r e n t m o i s t u r e l e v e l s 

Penman E0 2 

mches(mm; 
A c t u a l Et 
lnches(mm) 

Penman Et 
mches(mm) 

A c t u a l E t 
inches(mm) 

Augu«=t(1971) 2 63 2.56 2.16 2.10 
(6 6 . 8 ) ( 6 5 . 0 ) ( 5 4 . 9 ) ( 5 3 3) 

A u g u s t ( 1 9 7 0 ) 2.85 2.09 2 26 1 88 
(72 . 4 ) ( 5 3 . 1 ) ( 5 7 . 4 ) (47 8) 

F i g s 107 t o 109 show t h a t s t r e a m f l o w i s a l m o s t u n a f f e c t e d d u r i n g 

t h e w i n t e r months T h i s i s because t h e Penman Et and EO2 v a l u e s do n o t 

v a r y s i g n i f i c a n t l y d u r i n g Lhe w i n t e r p e r i o d 
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To show t h e e f f e c t o f e v a p o t r a n s p i r a t i o n on d a i l y f l o w s , F i g 110 
r e p r e s e n t s t h e s i m u l a t e d h y d r o g r a p h s o f d a i l y f l o w s f o r August 1971, u s i n g 
t h e Penman EC^ and Penman Et v a l u e s . From t h i s f i g u r e i t i s o b s erved 
t h a t t h e r e has been a s i g n i f i c a n t i n c r e a s e i n t h e peak d a i l y f l o w s o f 1 4 t h 
and 1 5 t h August w i t h t h e Penman Et v a l u e s Such an i n c r e a s e i n t h e peak 
f l o w s c o u l d p o s s i b l y be e x p l a i n e d by t h e e f f e c t o f low Et on i n c r e a s i n g 
s o i l m o i s t u i e c o n t e n t and s u b s e q u e n t l y by d e c r e a s i n g t h e i n f i l t r a t i o n 
r a t e . As a r e s u l t r u n o f f was i n c r e a s e d 

I n t h e s t u d y o f t h e e f f e c t s o f d i f f e r i n g e v a p o t r a n s p i r a t i o n i n p u t 

d a t a on t h e s i m u l a t e d f l o w s o f each y e a r , a l l t h e p a r a m e t e r s , i n c l u d i n g 

t h e i n i t i a l s o i l m o i s t u r e c o n d i t i o n s , were k e p t c o n s t a n t However, u s i n g 

t h e Penman Et v a l u e s , t h e i n i t i a l s o i l m o i s t u r e c o n d i t i o n s f o r any year 

w o u l d be h i g h e r owing t o low e r d e p l e t i o n o f s o i l m o i s t u r e s t o r a g e i n t h e 

p r e c e d i n g w a t e r year T h e r e f o r e , i t can be c o n c l u d e d t h a t i n such a s t u d y , 

i f t h e i n i t i a l m o i s t u r e c o n d i t i o n s f o r any year were chosen f r o m those 

a t t h e end o f t h e p r e c e d i n g y e a r , t h e s t r e a m f l o w f o r t h a t y e a r would have 

been a f f e c t e d more by t h e d i f f e r e n c e i n e v a p o t r a n s p i r a t i o n . 

To g i v e an example Lhe v a l u e o f LZSN a t t h e end o f year 1969 was 

9.34 i n c h e s (237 mm) u s i n g t h e Penman EC^ v a l u e b , and 10.55 i n c h e s (268 mm) 

u s i n g t h e Penman EL v a l u e s To compare t h e e f f e c t o f e v a p o t r a n s p i r a t i o n 

i n p u t d a t a on s i m u l a t e d f l o w f o r t h e year 1970, t h e same v a l u e o f 9.34 

i n c h e s (237 mm) w h i c h was used f o r t h e o r i g i n a l s i m u l a t i o n was adopte d 

( i n s t e a d o f 10 55 i n c h e s (268 mm)) f o r s i m u l a t i o n w i t h Penman Et However, 

i f t h e v a l u e o f 10 55 i n c h e s (268 mm) had been used, s i m u l a t e d f l o w would 

have been h i g h e r owing t o t h i s i n c r e a s e i n i n i t i a l l o w e r zone s t o r a g e and, 

t h e r e f o r e , t h e e f f e c t o f t h e d i f f e r e n c e i n p o t e n t i a l e v a p o t r a n s p i r a t i o n 

w o u l d have been more pronounced Thus t h e s i m u l a t e d f l o w w i t h Penman Et 

wou l d have exceeded t h e r e c o r d e d f l o w by a g r e a t e r amount than was shown 

i n F i g . 1 0 6 T h i s l e a d s t o t n e c o n c l u s i o n t h a t t h e Penman Et v a l u e s a r e 
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t o o low and p o t e n t i a l e v a p o t r a n s p i r a t i o n by t h e Penman EC^ i s mare r e 
p r e s e n t a t i v e o f t h e average e v a p o t r a n s p i r a t i o n o f t h e c a t c h m e n t , t h u s 
t h e r e s u l t s o b t a i n e d i n t h e e v a p o t r a n s p i r a t i o n s t u d i e s a r e c o n f i r m e d 
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SUMMARY AND CONCLUSIONS 

The aims o f t h i s t h e s i s were t o s t u d y a s p e c t s o f t h e h y d r o l o g y o f 

th e Browney b a s i n , n o r t h - e a s t E n g l a n d . For t h i s purpose d i f f e r e n t h y d r o -

l o g i c a l methods and t e c h n i q u e s were employed t o i n v e s t i g a t e p r e c i p i t a t i o n , 

e v a p o t r a n s p i r a t i o n and r u n o f f i n t h e cat c h m e n t . The o v e r a l l h y d r o l o g i c a l 

p e i f o r n a n c e o f t h e catchment, t h e n , was s t u d i e d by t h e s i m u l a t i o n o f 

r i v e r d i s c h a r g e u s i n g t h e S t a n f o r d Watershed Model I V . 

I n i t i a l l y t h e catchment c h a r a c t e r i s t i c s w e i e s t u d i e d These c h a r 

a c t e r i s t i c s were g e o l o g y , s o i l , l a n d use, shape, e l e v a t i o n , s l o p e and 

d r a i n a g e n e t w o r k , and th e y were d i s c u s s e d an c h a p t e r one The h y d r o -

l o g i c a l i m p o r t a n c e o f each o f t h e s e f a c t o r s was a l s o m e n t i o n e d 

T — ~ * — A- - i — f-U, ~ — — f — 1 1 4- *T«,v-«i4-i^«*^n rt-P i „ 
J.H L I L a p L C J L1VU j L11C O p a t - ^ - U X UllVi I— ClupUL UL-t. vm.4-«.. w ^ - t ^ L t s ^ A . f» w ^ ^ f 

t a t i o n were i n v e s t i g a t e d . For t h i s purpose a d e s c r i p t i o n o f t h e r a i n -

gauges whose d a t a were employed i n t h i s s t u d y were g i v e n The d i f f e r e n t 

methods f o r t h e e s t i m a t i o n o f mean a r e a l r a i n f a l l were l a t e r d i s c u s s e d . 

A r i t h m e t i c , T h i e s s e n and i s o h y e t a ] methods were used. Based on t h e s e 

methods, t h e mean a i e a l r a i n f a l l f o r t h e y e a r s 1968 t o 1972 was d e t e r m i n e d 

I t was ob s e r v e d Kiat t h e m a t h e m a t i c a l method o f e s t i m a t i n g mean a r e a l 

r a i n f a l l gave t h e h i g h e s t v a l u e f o r t h e mean a r e a l p r e c i p i t a t i o n , where 

as t h e T h i e s s e n p o l y g o n gave t h e l o w e s t T h i s d i f f e r e n c e was e x p l a i n e d 

by t h e d i f f e r e n c e i n w e i g h t g i v e n co t h e r a i n g a u g e l o c a t e d a t t h e w e s t e r n 

end o f t h e cat c h m e n t . 

From t h e s t u d y o f t h e y e a r l y i s o h y e t a l maps, t h e catchment was 

d i v i d e d i n L o t h r e e d i f f e r e n t r a i n f a l l zones I n t h e e a s t e r n and v e s t e r n 

p a r t s o f t h e catchment, y e a r l y p r e c i p i t a t i o n i n c r e a s e d i n an ups t r e a m 

d i r e c t i o n The r a t e o f i n c r e a s e , however, was g r e a t e r i n t h e w e s t e r n zone 

owing t o t h e h i g h e r e l e v a t i o n s and g r e a t e r s l o p e s I n t h e c e n t r a l zone 

y e a r l y r a i n f a l l was l a t h e r u n i f o r m 

C o n s i d e r i n g t h e c o r r e l a L i o n c o e f f i c i e n t s between y c a i l y p r e c i p i -
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t a t i o n and t h e e l e v a t i o n s o f t h e r a i n g a u g e s t a t i o n s , i t was shown t h a t 
t h e a s s o c i a t i o n between t h e s e two f a c t o r s was h i g h and t h a t t h e r e g r e s s i o n 
e q u a t i o n between y e a r l y p r e c i p i t a t i o n and a l t i t u d e d u r i n g 1968 t o 1972 
e x p l a i n e d between 71 t o 97 per ce n t ( c o r r e s p o n d i n g t o y e a r s 1972 and 1970) 
o f t h e a r e a l v a r i a t i o n i n y e a r l y p r e c i p i t a t i o n 

To s t u d y t e m p o r a l v a r i a t i o n s o f p r e c i p i t a t i o n over a l o n g p e r i o d , 

t h e d a i l y p r e c i p i t a t i o n d a t a a t Durham O b s e r v a t o r y d u r i n g t h e 35-year 

p e r i o d 1939 t o 1973 were used Frequency c u r v e s o f y e a r l y r a i n f a l l , 

y e a r l y 24-hr maximum r a i n f a l l and m o n t h l y r a i n f a l l were p r e p a r e d . From 

t h e s e c u r v e s t h e r e t u r n p e r i o d f o r t h e o c c u r r e n c e o f a r a i n f a l l amount 

g r e a t e r t h a n or e q u a l t o a c e r t a i n v a l u e was d e r i v e d Thus, t h e f r e 

quency c u r v e s c a l c u l a t e d f r o m d a t a f r o m t h e Durham O b s e r v a t o r y , showed 

t h a t t h e r e was a chance o f g e t t i n g 630 mm o r more r a i n f a l l e v e r y o t h e r 

y e a r and 812 mm or more e v e r y 30 y e a r s S i m i l a r l y a n n u a l 24-hr maximum 

r a i n f a l l o f 29 8 mm and 51 4 mm had r e t u r n p e r i o d s o f 2 y e a r s and 30 

y e a r s r e s p e c t i v e l y . 

D a i l y r a i n f a l l amounts were a l s o grouped i n t o 4 c l a s s e s e q u a l t o 

or g r e a t e r t h a n 0 2 mm, 1 mm, 2 mm, 5 mm and 10 mm Based on t h e s e d a t a 

t h e average f r e q u e n c y ( i n per c e n t ) o f days per month w i t h p r e c i p i t a t i o n 

g r e a t e r t h a n or e q u a l t o t h e s t a t e d amount d u r i n g t h e 35 year p e r i o d was 

d e t e r m i n e d . S e p a r a t e f r e q u e n c y c u r v e s o f t h e number o f r a i n days w i t h 

p r e c i p i t a t i o n g r e a t e r t h a n o r e q u a l t o 0 2 mm, 1 mm, 2 mm, 5 mm and 10 mm 

f o r t h e months o f Au g u s t , November and A p r i l were drawn. 

From cne r e s u l t s o f t h e f r e q u e n c y s t u d i e s o f d a i l y r a i n f a l l amounts 

i t was observed t h a t t h e average f r e q u e n c y ( i n p e r c e n t a g e per month) o f 

d a i l y r a i n f a l l e q u a l t o or g r e a t e r t h a n 0 2 mm, 1 mm, 2 mm and 5 mm was 

h i g h e s t d u r i n g November. For t h e r a i n f a l l amounts g r e a t e r t h a n o r e q u a l 

t o 10 mm, however, August had t h e h i g h e s t m o n t h l y f r e q u e n c y . The d a i l y 

r a i n f a l l amounts g r e a t e r t h a n or e q u a l t o 10 mm, a l s o had h i g h f r e 

q u e n c i e s d u r i n g J u l y and SepLumber The r e l a t i v e l y h i g h f r e q u e n c y o f 
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i n t e n s e r a i n f a l l d u r i n g t h e l a t e summer months gave e v i d e n c e o f t h e occ
u r r e n c e o f c o n v e c t i v e p r e c i p i t a t i o n d u r i n g t h i s t i m e o f t h e y e a r . F u r t h e r 
e v i d e n c e f o r t h e o c c u r r e n c e o f c o n v e c t i v e p r e c i p i t a t i o n was o b t a i n e d f r o m 
t h e s t u d y o f h o u r l y r a i n f a l l d u r i n g t h e p e r i o d 1969 t o 1974 From t h e 
s i x year s t u d y o f h o u r l y r a i n f a l l , i t was ob s e r v e d t h a t August had t h e 
h i g h e s t f r e q u e n c y ( p e r c e n t per month) o f hours w i t h p r e c i p i t a t i o n e q u a l 
t o or g r e a t e r t h a n 2 mm, 5 mm and 10 mm, w h i l e November had t h e h i g h e s t 
f r e q u e n c y o f h o u r s w i t h p r e c i p i t a t i o n g r e a L e r t h a n or e q u a l t o 0 2 mm 
and 1 mm 

From t h e s t u d y o f h o u r l y p r e c i p i t a t i o n , i t was ob s e r v e d t h a t 

i n t e n s i t i e s o f h o u r l y r a i n f a l l i n t h e Browney b a s i n were g e n e r a l l y low 

The h i g h e s t h o u r l y r a i n f a l l n c n i r r e d i n Tuly w i t h a dpnth n f 2fl 3 mm 

The l o n g e s t r u n o f d r y days per month d u r i n g t h e 35 year p e r i o d was 30 

and t h a t o c c u r r e d i n t h e year 1953. 

The s e c t i o n on e v a p o t r a n s p i r a t i o n was d i v i d e d i n t o t h r e e p a r t s 

I n t h e f i r s t p a r t ( c h a p t e r t h r e e ) a r e v i e w o f l i t e r a t u r e on t h e t h e o r y 

and methods o f measurement o f e v a p o t r a n s p : r a L i o n was p r e s e n t e d . The 

t h e o r e t i c a l f o r m u l a e were d i s c u s s e d and t h e advantages and l i m i t a t i o n s 

o f t h e e m p i r i c a l f o r m u l a e o f Penman and T h o r n t h w a i t e were m e n t i o n e d . 

Other methods f o r t h e measurement o f e v a p o t r a n s p i r a t i o n were s t u d i e d sub

s e q u e n t l y Thus, t h e p r i n c i p l e s , advantages and d i s a d v a n t a g e s o f t h e 

catchment w a t e r b a l a n c e , e v a p o t r a n s p i r o m e t e r s , e v a p o r a t i o n pans, l y s i -

m e t e r s and e m p i r i c a l methods o f e s t i m a t i o n o f a c L u a l e v a p o t r a n s p i r a L i o n 

were d i s c u s s e d . 

I n t h e second p a r t o f t h e s e c t i o n on e v a p o t r a n s p i r a t i o n ( c h a p t e r 

f o u r ) , t h e methods w h i c h were a p p l i e d t o measure o r e s t i m a t e evapo

t r a n s p i r a t i o n i n t h e Browney b a s i n were o u t l i n e d and t h e p r o c e d u r e s 

f o l l o w e d were d i s c u s s e d i n d e t a i l These methods were e v a p o t r a n s p i r o m e t e r s ^ 

catchment water b a l a n c e , t h e e m p i r i c a l f o r m u l a e o f Penman and T h o r i -

t h w a i t e , s i m p l e h y d r a u l i c l y s i m e t e r s and t h e Penman d r y i n g c u r v e method 
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f o r e s t i m a t i n g a c t u a l Et Thus two s e t s o f e v a p o t r a n s p i r o m e t e r s were s e t 
a t Durham ( e l e v a t i o n 102 m) and Honey H i l l ( e l e v a t i o n 334 m). The eva-
p o t r a n s p i r o m e t e r s e t a t Durham was r u n f o r f i v e months (May t o September 
1973) and t h a t a t Honey H i l l was r u n f o r a 12 month p e r i o d ( J u l y 1973 
t o J u l y 1 9 7 4 ). P o t e n t i a l e v a p o t r a n s p i r a t i o n was a l s o d e t e r m i n e d by t h e 
Penman and T h o r n t h w a i t e f o r m u l a e For t h i s p u r p o s e , t h e m e L e o r o l o g i c a l 
d a t a f r o m Durham O b s e r v a t o r y were used. Thus d a i l y p o t e n t i a l e v a p o r a t i o n 
( a l b e d o 0 05) and p o t e n t i a l e v a p o t r a n s p i r a t i o n ( a l b e d o 0 25) were d e t e r 
mined by t h e Penman f o r m u l a over a 10 year p e r i o d (1963 t o 1973) The 
c a l c u l a t i o n s were f a c i l i t a t e d by t h e a p p l i c a t i o n o f a computer program 
Penman p o t e n t i a l e v a p o r a t i o n was e s t i m a t e d by a p p l y i n g two d i f f e r e n t 
e m p i r i c a l w i n d f u n c t i o n s . 

F o r t h e T h o r n t h w a i t e f o r m u l a , a s i m p l e program was w r i t t e n by w h i c h 

t h e m o n t h l y v a l u e s o f T h o r n t h w a i t e p o t e n t i a l e v a p o t r a n s p n a t i o n over t h e 

10 year p e r i o d 1963 t o 1973 were d e t e r m i n e d 

I n o r d e r t o e s t i m a t e t h e average e v a p o t r a n s p i r a t i o n over t h e c a t c h 

ment, t h e w l u e s c a l c u l a t e d f r o m t h e d i f f e r e n t methods e x p l a i n e d e a r l i e r 

were compared w i t h t h a t o f w a t e r b a l a n c e method. The average y e a r l y 

w a t e r b a l a n c e Et was o b t a i n e d by d e d u c t i n g t h e average y e a r l y r u n o f f f r o m 

t h e average y e a r l y p r e c i p i t a t i o n d u r i n g t h e p e r i o d 1963 t o 1973. 

For t h e measurement o f a c t u a l e v a p o t r a n s p i r a t i o n , two d i f f e r e n t 

methods were used. The f i r s t method employed s i m p l e h y d r a u l i c l y s i m e t e r s 

These l y s i m e t e r s were t e s t e d d u r i n g a p e r i o d o f f o u r and a h a l f months 

a t Durham O b s e r v a t o r y . 

The second method was t h e a p p l i c a t i o n o f t h e Penman model f o r t h e 

e s t i m a t i o n o f a c t u a l e v a p o t r a n s p i r a t i o n U s i n g t h i s l a t t e r p r o c e d u r e , 

diagrams o f average m o i s t u r e budget f o r t h e 10 year p e r i o d 1963 t o 1973 

and f o r t h e y e a r s 1964 and 1971 were drawn 

The r e s u l t s o f t h e e v a p o t r a n s p i r a t i o n s t u d y were g i v e n i n t h e l a s L 
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p a r t of the s e c t i o n on e v a p o t r a n s p i r a t i o n ( c h a p t e r f i v e ) . Thus by the 

comparison of the measured e v a p o t r a n s p i r a t i o n v a l u e s a t Durham and Honey 

H i l l i t was observed that e v a p o t r a n s p i r a t i o n v a l u e s were about 10 per 

cent g r e a t e r at the higher e l e v a t i o n s . No d e f i n i t e c o n c l u s i o n , however, 

was drawn from these r e s u l t s The v a r i a t i o n a t the s i t e s of measurement 

and p o s s i b l e o b s e r v a t i o n a l e r r o r s i n the measurement of input and output 

moisture might have r e s u l t e d i n g r e a t e r e v a p o t r a n s p i r a t i o n a t the higher 

e l e v a t i o n . 

Comparing the Penman p o t e n t i a l evaporation and e v a p o t r a n s p i r a t i o n 

v a l u e s w i t h measured e v a p o t r a n s p i r a t i o n , i t was concluded t h a t the Penman 

e v a p o t r a n s p i r a t i o n v a l u e s were too low. The e x p l a n a t i o n for the low 

v a l u e s of Penman E t , was thought to be the l a c k of measured r a d i a t i o n data" 

From the study of average y e a r l y e v a p o t r a n s p i r a t i o n c a l c u l a t e d by 

the water balance method and the r e s u l t s of measured e v a p o t r a n s p i r a t i o n , 

i t was concluded t h a t , Penman EO^ and ThornthwaiLe EL were probably too 

high to r e p r e s e n t a r e a l e v a p o t r a n s p i r a t i o n w i t h i n Lhecatchment. There

f o r e , the ,Penman EO2 was assumed to be the most r e p r e s e n t a t i v e esLimaLe 

of p o t e n t i a l e v a p o t r a n s p i r a t i o n 

The r e s u l t s ^ f a c t u a l e v a p o t r a n s p i r a L i o n s L u d i e s obtained from the 

two simple h y d r a u l i c l y s i m e t e r s showed some s i g n i f i c a n t d i f f e r e n c e s during 

the s h o r t periods of o b s e r v a t i o n Another problem i n the use of such 

s m a l l l y s i m e t e r s was i n the e x t r a p o l a t i o n of the a c t u a l e v a p o t r a n s p i r a t i o n 

v a l u e s obtained a t a point to v a l u e s r e p r e s e n t a t i v e of the whole c a t c h 

ment. T h i s was because the volume of s o i l i n the l y s i m e t e r s was l i m i t e d 

and t h e r e f o r e the soi 1-plant-water r e l a t i o n s h i p s e x i s L m g i n the f i e l d 

were d i f f e r e n t from that of the l y s i m e t e r s 

A p p l i c a t i o n of Lhe Penman method f o r the e s t i m a t i o n of a c L u a l eva

p o t r a n s p i r a t i o n showed th a t on the b a s i s of average moisture budget f o r 

the 10 year 1963 to 1973, t h e r e was no moisture d e f i c i e n c y i n the Bi ovuey 

b a s i n However, for the year 1964, the d r i e s t year d u r i n g t h f 10 /ear p e r i o d , 
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t h e t o t a l d e p t h o f a c t u a l e v a p o t r a n s p i r a t i o n was below t h a t o f p o t e n t i a l 
e v a p o t r a n s p i r a t i o n by 109.2 mm or 16.8 per c e n t 

I n c h a p t e r s i x , r u n o f f v a r i a t i o n s d u r i n g t h e p e r i o d 1957 t o 1973 

were s t u d i e d I n i t i a l l y t h e y e a r l y and s e a s o n a l v a r i a t i o n s o f r u n o f f 

were i n v e s t i g a t e d and t h e c o r r e s p o n d i n g r a i n f a l l - r u n o f f e q u a t i o n s were 

d e r i v e d The r e s u l t s o b t a i n e d showed t h a t on average, y e a r l y r u n o f f was 

41 per cenL o f t o t a l p r e c i p i t a t i o n The average r a t i o s o f r u n o f f -

r a i n f a l l , however, were 0 57 d u r i n g t h e w i n t e r season and 0.25 d u r i n g t h e 

summer season 

The r a n g e o f m o n t h l y v a l u e s o f r u n o f f d u r i n g t h e 17 year p e r i o d 

was between 120 mm and 3 mm Both o f t h e s e extreme v a l u e s o c c u r r e d i n 

O c t o b e r . The mean v a l u e o f m o n t h l y r u n o f f was 25.8 mm From t h e s t u d y 

o f m o n t h l y r u n o f f v a l u e s , i t was o b s e r v e d t h a t J a n u a r y , F e b r u a r y and 

March were g e n e r a l l y t h e months w i t h h i g h e s t f l o w , w h i l e September was 

t h e month w i t h l o w e s t f l o w . 

The d u r a t i o n c u r v e s o f y e a r l y , m o n t h l y and mean d a i l y f l o w s were 

p r e s e n t e d l a t e r i n t h e c h a p t e r . From t h e s t u d y o f t h e s e d u r a t i o n c u r v e s , 

i t was c o n c l u d e d thaL f i f t y per c e n t o f t h e t i m e y e a r l y r u n o f f was g r e a t e r 

t h a n or e q u a l t o 280 mm, and f i f t y per c e n t o f t h e t i m e m o n t h l y r u n o f f 

was g r e a t e r t h a n or e q u a l t o 18.9 mm. As f o r t h e mean d a i l y f l o w s , t h e 

h i g h e s t was 20.99 mm F i f t y per c e n t o f t h e t i m e mean d a i l y f l o w s were 

g r e a t e r t h a n or e q u a l t o 0 45 mm 

The r e s u l t s o f t h e s t u d y o f extreme r u n o f f v a l u e s were a l s o p r e 

s e n t e d i n c n a p t e r s i x A c c o r d i n g t o t h e s e r e s u l t s , t h e 100-year f l o o d 

f o i t h e Browney b a s i n was 154 mm ( m o n t h l y f l o w ) , w h i l e t h e 100-year 

d r o u g h t was 2.5 mm ( m o n t h l y f l o w ) The r u n o f f p a t t e r n o f t h e catchment 

was s t u d i e d by c o n s i d e r i n g t h e h y d r o g r a p h s o f two r a t h e r l a r g e s i m i l a r 

s t o r m s , one o f t h e storms had o c c u r r e d d u r i n g t h e summer, w h i l e t h e o t h e r 

had o c c u r r e d d u r i n g t h e wmLer season From t h e s t u d y o f t h e d i s t r i 

b u t i o n graphs o f t h e s e two s t o r m s , t t was c o n c l u d e d t h a t t h e r e was a 
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marked d i f f e r e n c e i n t h e r u n o f f p a t t e r n between t h e summer and w i n t e r 

s e a s o n s D u r i n g t h e w i n t e r t h e r i s e i n t h e h y d r o g r a p h i s g r a d u a l , w h i l e 

d u r i n g t h e summer t h e r i s e i s s h a r p . The peak f l o w ( a s a p e r c e n t a g e 

o f t h e t o t a l r u n o f f ) d u r i n g t h e summer i s g r e a t e r t h a n t h a t d u r i n g t h e 

w i n t e r The l a g d u r i n g t h e summer season was h i g h e r t h a n t h a t d u r i n g 

t h e w i n t e r season 

Chapter seven o f t h i s t h e s i s was used t o r e v i e w some o f t h e methods 

o f r u n o f f p r e d i c t i o n These methods were t h e e m p i r i c a l f o r m u l a e , i n 

f i l t r a t i o n methods and i n f i l t r a t i o n i n d i c e s , r e g r e s s i o n and g r a p h i c a l 

methods, t h e m o i s t u r e a c c o u n t i n g method and s t a t i s t i c a l methods T h i s 

c h a p t e r was c o n c l u d e d by a d e f i n i t i o n o f s i m u l a t i o n and an e x p l a n a t i o n 

o f t h e p r o g r e s s i v e development o f t h e S t a n f o r d Watershed Model I V f o r 

t h e p r e d i c t i o n o f r u n o f f and t h e i n d i r e c t i n v e s t i g a t i o n o f t h e h y d r o l o g y 

o f a catchment. I n t h i s c h a p t e r t h e i m p l i c a t i o n was made t h a t w h i l e t h e 

S t a n f o r d Watershed Model I V was t h e l e a s t e m p i r i c a l o f a l l t h e r u n o f f 

p r e d i c t i o n methods, i t was n o t t h e u l t i m a t e answer t o t h e problem o f 

r u n o f f p r e d i c t i o n 

I n c h a p t e r e i g h t t h e a p p l i c a t i o n o f t h e S t a n f o r d Watershed Model TV 

t o t h e Browney b a s i n was e x p l a i n e d . There were t.^o main o b j e c t i v e s i n 

t h e a p p l i c a t i o n o f t h e S t a n f o r d Watershed Model I V t o t h e Browney b a s i n 

These were 

1 - To t e s t t h e a b i l i t y o f t h e model i n t h e p r e d i c t i o n of r u n o f f f r o m a 

B r i t i s h c a t chment, u s i n g t h e Browney b a s i n as a case s t u d y . 

2 - To s t u d y t h e o v e r a l l h y d r o l o g i c a l p e r f o r m a n c e o f t h e Browney b a s i n 

and, i n p a r t i c u l a r , t h e components o f t h e wa t e r b a l a n c e e q u a t i o n w i t h i n 

t h e catchment w h i c h a r e n o t e a s i l y s t u d i e d o t h e r w i s e e g. g i o u n d w a t e r 

f l o w and a c t u a l e v a p o t r a n s p i r a t i o n . 

The o p e r a t i o n o f t h e S t a n f o r d Watershed Model and t h e i n p u t d a t a 

r e q u i r e d f o r i t s a p p l i c a t i o n t o t h e Brouney b a s i n were e x p l a i n e d i n 

c h a p t e r e i g h t The i m p o r t a n t parameters were d i s c u s s e d 
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I n chapter nine the r e s u l t s of the s e n s i t i v i t y t e s t s of optimized 
parameters were given A computer program was w r i t t e n t o p l o t the hydro-
graphs of d a i l y flows f o r t h i s purpose. The process of o p t i m i z a t i o n was 
defined and the values of the optimized parameters used i n the simula
t i o n of d a i l y flows f o r the period January 1969 t o September 1973 were 
given. These values were obtained a f t e r numerous unsuccessful t r i a l s 
of the model I t was concluded t h a t the i n f i l t r a t i o n index, upper zone 
storage and lower zone storage parameters were the most s e n s i t i v e i n the 
h y d r o l o g i c a l regime of the Browney basin w h i l e the a c t u a l evapotrans-
p i r a t i o n parameter was the l e a s t s e n s i t i v e The importance of the 
i n i t i a l moisture c o n d i t i o n parameters i n the s i m u l a t i o n of y e a r l y hydro-
graphs by the Stanford Watershed Model IV was discussed and the r e q u i r e 
ment of two or more years of data f o r the o p t i m i z a t i o n of parameters was 
p a r t l y explained by the s i g n i f i c a n t e f f e c t s of these parameters upon 
simulated flows I t was also mentioned th a t the process of o p t i m i z a t i o n 
was dependent upon the o b j e c t i v e s f o r which the model was to be used 

I n chapter t e n , the simulated r e s u l t s f o r each year were compared 

w i t h the corresponding recorded flows These r e s u l t s were the t o t a l 

y e a r l y r u n o f f , the mean monthly f l o w , the st a n d ^ i d d e v i a t i o n of monthly 

f l o w and the c o r r e l a t i o n c o e f f i c i e n t between recorded monthly and simu

l a t e d monthly f l o w The hydrographs of simulated and recorded mean d a i l y 

f l o w and monthly f l o w were also compared 

The r e s u l t s obtained revealed t h a t d u r i n g the f i v e year period, 

the recorded mean monthly value exceeded the simulated value by some 2 

per cent The monthly c o r r e l a t i o n c o e f f i c i e n t over the f i v e year period 

was 0.94, showing t h a t the simulated f l o w was h i g h l y c o r r e l a t e d w i t h 

recorded flow 

Considering the i n d i v i d u a l years, the simulated monthly flows were 

q u i t e close t o the recorded flows during the water years 1969, 1970, 

1971 and 1972 The c o r r e l a t i o n c o e f f i c i e n t s between the simulated n o i i L h l y 
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and the recorded flows range from 0 99 i n 1972 t o 0 90 i n 1969 For the 
water year 1973, however, there was a wide discrepancy between the simu
l a t e d and recorded flows The monthly c o r r e l a t i o n c o e f f i c i e n t was 0 57 
Several explanations were put forward as possible sources of e r r o r i n the 
s i m u l a t i o n of f l o w d u r i n g t h i s year The f a c t t h a t *-he 1973 water year 
had been an exceptional year (lowest t o t a l r u n o f f d uring the 17 years of 
s t u d y ) , was probably a very important f a c t o r During t h i s year more than 
72 per cent of the p r e c i p i t a t i o n occurred d u r i n g the summer and most of 
the moisture had been used f o r e v a p o t r a n s p i r a t i o n 

The y e a r l y baseflow c a l c u l a t e d by the model v a r i e d from 2 62 inches 

(66.5 mm) i n 1973 t o 7 39 inches (187 7 mm) i n 1970 or 11 64 t o 26 03 

per cent of the y e a r l y p r e c i p i t a t i o n As a percentage of the t o L a l r e 

corded f l o w , the groundwater c o n t r i b u t i o n was 58 13 per cent The average 

summer baseflow d u r i n g the f i v e year p e r i o d was about 70 per cent of the 

t o t a l recorded f l o w , w h i l e during the w i n t e r i t was about 61 per cent 

The values of a c t u a l e v a p o t r a n s p i r a t i o n were used t o draw the 

diagrams of the water budget of the Browney basin f o r each of the f i v e 

years 1969 t o 1973 D i f f e r e n c e s between the y e a r l y values of a c t u a l and 

p o t e n t i a l e v a p o t r a n s p i r a t i o n during the f i v e water years ranged from 

94mm (1970) t o 53 mm (1972). 

F i n a l l y the e f f e c t of i n p u t p o t e n t i a l e v a p o t r a n s p i r a t i o n data upon 

the simulated r u n o f f was st u d i e d For t h i s purpose the Penman EO2 values 

were replaced by the Penman Et values The model was then run f o r each 

o f the f i v e water years The r e s u l t s obtained showed t h a t y e a r l y simu

l a t e d r u n o f f w i t h the Penman Et values were more than t h a t w i t h the Penman 

EO2 values d u r i n g each water year. The greater y e a r l y simulated r u n o f f 

w i t h the Penman EL value as compared w i t h the Penman EO2 data was the 

r e s u l t of lower Et values d u r i n g the summer season I n f a c t the monthly 

simulated r u n o f f d u r i n g the wmLer months was almost the same f o r both 

e v a p o t r a n s p i r a t i o n input data Tnis can De explduied by the f a c t rftac 
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the Penman Et and EC^ values were v i r t u a l l y the same during the wi n t e r 
season The e f f e c t of lower input Et upon d a i l y r u n o f f was shown by 
p l o t t i n g the hydrographs of simulated d a i l y r u n o f f during August 1971 
using the Penman Et and EC^ values I t was shown t h a t the peak r u n o f f 
on 14th August increased sharply as a r e s u l t of using the Penman Et 
value. 
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APPENDIX I 

UPPER CARBONIFEROUS COAL SEAMS 

Name Thickness Workable extent 

Hebburn F e l l 4 f t 
Usworth Up t o 5 f t R e s t r i c t e d t o coast 
Ryhope Five-Quarter 2>i- 3 f t R e s t r i c t e d t o Eastern areas 
Ryhope L i t t l e 3 f t L i t t l e worked, due t o erosion 
High Main 1 - 8 f t Mid-east Durham - d i r t y 
F i v e Quarter 1 - 6 f t East of Durham C i t y 
Main 2 k - 7 f t One of the p r i n c i p a l seams 
Maudlin Up t o 6 f t Worked i n North Durham 
Durham Low Main 2 - 6 f t Important over most of Durham 
Brass T h i l l 2K- 3 a Predominant i n Central Durham 
K u L t o n up co One of t n : c K e s t seams 
Ruler Up t o 2 f t Worked i n n o r t h west 
Harvey 1 - 5 f t Good widespread seam 
T i l l e y 3 - 5 f t Worked i n the west 
Busty 1 - 5 f t Bottom Busty worked i n west 
Three-Quarter Up t o 3 f t I m p e r s i s t e n t Improves o f f s h o r e 
Brockwell 2 - 6 f t Very important i n south-west 
V i c t o r i a 2 f t Important i n the north-west 
Marshal Green 1 - 2 f t Open raste d i n west Durham 
Ganister Clay Up t o l i f t T hin and of no economic value 
Gubeon Up t o l f c f t P e r s i s t e n t but uneconomic. 

A f t e r Smith, 1972, modified from Geology of Durham 



APPENDIX 11 

LIST OF SYMBOLS 

Chapter One 
f 

P I S log of s o i l moisture tension when expressed i n terms of cm of water. 
kP i s compactness c o e f f i c i e n t (shape i n d e x ) . 
P i s perlmeter 
A I S area. 

Ab I S area i n M i l l e r ' s c i r c u l a r i t y r a t i o . 
A c I S area of a c i r c l e w i t h the same perimeter as t h a t of the basin 
E I S e l e v a t i o n . 
a I S area between successive contours 
e I S mean e l e v a t i o n of the catchment. 

I S summation. 

H I S length of overland f l o w 
D I S drainage d e n s i t y . 

s c 
I S channel slope 

s y I S average ground slope 
L I S t o t a l l e n g t h of streams i n the basin. 

Chapter Two 

P 1 s y e a r l y p r e c i p i t a t i o n 
h I S height i n f t 
a I S ordinates i n t e r c e p t 
b I S c o e f f i c i e n t of r e g r e s s i o n . 
Tr I S r e t u r n period (recurrence i n t e r v a l ) 
n I S number of years of record 
Pr I S p r o b a b i l i t y 
m I S the rank of the annual l a i n f a l l according t o i t s magnitude 

Chapter Three 

E I S evaporation r a t e . 
i s eddy t r a n s f e r c o e f f i c i e n t of water vapour i n cm /sec 

P I S d e n s i t y of a i r i n gm/cm"̂  
I S s p e c i f i c humidity of the a i r 

Z i s e l e v a t i o n above surface. 
H I S v e r t i c a l f l u x d e n s i t y of sensible heat 

Kh I S eddy t r a n s f e r c o e f f i c i e n t of sensible heat 
C P I S s p e c i f i c heat ca p a c i t y of the a i r 
T I S temperature 
T i s v e L L i c a l f l u x d e n s i t y of momentum 



K i s 
tn 
U i s 
E I S 

e I S 

P I S 

K i s 
R 1 s 
n 

L i s 
E i s 
S I S 

B I S 

e s I S 

e z I S 

o e I S 
z 

T s I S 

T z I S 

R l I S 

r I S 

RB I S 

RA I S 

R/N I S 

a I S 
„ w P.E I S 

P.E I S 

R I S 

Et I S 

hs I S 

AG I S 

I I S 

D I S 

Chapters Four and Five 

Penman Et i s Penman p o t e n t i a l e v a p o t r a n s p i r a t i o n 
Penman EO^is Penman p o t e n t i a l evaporation w i t h the wind speed f u n c t i o n 

of f ( U 2 ) = 0 35 ( 1 + - U 2 / 1 0 0 ) 

Penman EC^is Penman p o t e n t i a l evaporation w i t h the wind speed f u n c t i o n 
of f ( U 2 ) = 0 35 (0 5 + U a / 1 0 0 ) 



Chapter Six 

K l i s r a t i o of mean areal r a i n f a l l over the catchment to that of 
ramgauge at Durham Observatory. 

Pr i s probability 

Chapt er Seven 

Q i s peak flow. 
A i s the drainage area 
C i s a c o e f f i c i e n t as a function of land use or topography 
n i s 

of 
a constant in empirical formula for estimations of peak rate 
runoff 

I i s r a i n f a l l i n t e n s i t y . 
W I S average l i f i l t r a t i o n rate 
P I S precipitation 
Q I S t o t a l amount of runoff from the storm 
s I S the summation of interception and depression storage 
AFI I S antecedent pr e c i p i t a t i o n index 
P 

it 
I S the precipitation n days before the storm. 

A 
n 

I S a constant 
I 
o 

I S the i n i t i a l value of API index 
I I S the index values n days l a t e r 
K I S recession constant. 
t 
p 

I S time lag in hours. 
C t I S a c o e f f i c i e n t for estimation of time lag of a basin 
L I S lengLh of mam streams from the outlet to the upstream divide 
L 
ca 

I S 
to 

length in miles along the main stream from the gauging station 
a point opposite (nearest) to the centroid. 

% Unit hydrograph peak discharge 
C 
P 

R 

I S a c o e f f i c i e n t for estimations of peak discharge. C 
P 

R I S the time base of unit graph 
A I S the drainage area 
d i s deficiency i n s o i l moisture. 

Chapters Eight, Nine and Ten 

K l I S r a t i o of average segment r a i n f a l l to average gauge r a i n f a l l 
EXPM I S interception storage parameter 
UZSN I S nominal upper zone storage 
LZSN I S nominal lower zone storage. 
CB I S i n f i l t r a t i o n index 
CC J S interflow parameteu 
K3 I S actual evapotranspiration loss index 



E i s potential evapotranspiration 
P 

r i s evapotranspiration opportunity 
K24L I S index to ina c t i v e groundwater recharge. 
K24EL i s f r a c t i o n of basin with shallow groundwater 
SS i s overland flow slope 
NN i s Manning's n for overland flows 
IRC i s d a i l y interflow recession r a t e . 
KK24 i s daily groundwater discharge recession r a t e . 
KV i s parameter for va r i a t i o n of groundwater recession rates 
UZS i s i n i t i a l upper zone storage 
LZS i s i n i t i a l lower zone si_orage. 
SGW i s i n i t i a l groundwater storage 
GWS i s i n i t i a l groundwater slope 
RES i s i n i t i a l surface detention storage 
SRGX i s i n i t i a l interflow detention storage 
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Daily data of potential evapotranspiration measured 
by evapotranspirometers at Durham Observatory 
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APPENDIX I I I 1 

Daily data of potential evapotranspiration measured by 
evapotranspiromoters at Durham Observatory 

Date 
Water added Water collected 

(average) 
cc 

Dif f (added-collected) R a i n f a l l Et 
Date cc 

Water collected 
(average) 
cc cc mm mm mm 

1/5/73 1500 407 1093 4 46 - 4.46 
2/5/73 1500 713 787 3.21 - 3.21 
3/5/73 1500 887 613 2.50 3.] 5.60 
4/5/73 1500 2078 -578 -2 36 12.1 9 74 
5/5/73 1500 3289 -1789 -7.30 - -7 30 
0/5/73 1500 900 600 2 45 0 1 2.55 
7/5/73 1500 843 657 2.68 0.8 3.68 
8/5/73 1500 885 615 2 51 - 2.51 
y/5/73 1500 8y5 605 2.47 3.4 2.87 
10/5/73 1500 1115 385 1.57 1.1 1 67 
11/5/73 1500 586 914 3.73 - 3.73 
12/5/73 1500 887 613 2 50 0 1 2 60 
13/5/73 1500 929 571 2 33 - 2.33 
14/5/73 1500 877 623 2.54 - 2 54 
15/5/73 1500 855 645 2 63 - 2 63 
16/5/73 1500 897 603 2.46 - 2.46 
17/5/73 1500 826 674 2.75 - 2.75 
18/5/73 1500 659 841 3.43 - 3.43 
19/5/73 1500 760 740 3.02 7.8 10 82 
20/5/73 1500 1118 382 1.56 5.6 7.16 
21/5/73 1500 3446 -1446 -7.94 7.8 -0.14 
22/5/73 1500 3029 -1529 -6.24 1.4 -4.84 
23/5/73 1500 2059 -559 -2 28 1 3 -0.98 
24/5/73 1500 1586 -86 -0.35 2.5 2.15 
25/5/73 1500 1730 -230 -0.94 0 1 -0.84 
26/5/73 1500 1377 123 0 50 - 0.50 
27/5/73 1500 831 669 2 73 - 2.73 
28/5/73 1500 686 814 3 32 - 3.32 
29/5/73 1500 816 684 2.79 6 7 9.49 
30/5/73 1500 1252 248 1 01 0.3 1.31 
31/5/73 1500 -1078 -578 -2 36 1.6 -0 76 



Dally data of potential evapotranspiration measured by 
evapotranspirometers at Durham Observatory 

Water added Water collected Diff (added -collected) R a i n f a l l Et 
Date cc (average) 

cc cc mm mm mm 

1/6/73 1500 1404 96 0.39 - 0 39 
2/6/73 1500 878 422 1.72 11.2 12.92 
3/6/73 1500 372 1128 -4 .60 0.3 -4.30 
4/6/73 1500 1878 -378 -1.54 - -1.54 
5/6/73 1500 897 603 2.46 - 2 46 
6/6/73 1500 760 740 3.02 - 3.02 
7/6/73 1500 559 941 3.84 - 3.84 
8/6/73 1500 664 836 3.41 - 3.41 
9/6/73 1500 586 914 3.73 - 3.73 
10/6/73 1500 654 846 3.45 - 3.45 
11/6/73 1500 429 1071 4 37 - 4.37 
12/6/73 1500 679 821 3.35 0 / 4 05 
13/6/73 1500 444 1056 4.31 - 4.31 
14/6/73 1500 390 1110 4 53 - 4 53 
15/6/73 1500 476 1024 4.18 - 4.18 
16/6/73 1500 630 870 3 55 1 8 5.35 
17/6/73 1500 838 662 2.70 0 2 2.90 
18/6/73 1500 900 600 2.45 - 2.45 
19/6/73 1500 635 865 3.53 1 1 4 63 
20/6/73 1500 1274 226 0.92 11 2 12.12 
21/6/73 1500 3446 -1946 -7.94 0.1 -7.84 
22/6/73 1500 1284 216 0.88 - 0.88 
23/6/73 1500 836 664 2.71 5.6 8 31 
24/6/73 1500 1552 -52 -0.21 1.5 -1.29 
25/6/73 1500 1887 -387 -1.58 0.1 -1 48 
26/6/73 1500 1527 -27 -0.11 0.4 -0.29 
27/6/73 1500 1174 326 1.33 - 1.33 
28/6/73 1500 1260 240 0.98 - 0.98 
29/6/73 1500 1022 478 1.95 - 1.95 
30/6/73 1500 821 679 2 77 - 2.77 



Daily data of potential evapotranspiration measured by 
evapotranspirometers at Durham Observatory 

Date 
Water added Water collected 

(average) 
cc 

D i f f (added -collected} R a i n f a l l Et 
Date 

cc 

Water collected 
(average) 

cc cc mm mm mm 

1/7/73 1500 762 738 3.01 - 3.01 
2/7/73 1500 551 949 3.87 - 3.87 
3/7/73 1500 500 1000 4.08 - 4.08 
4/7/73 1500 480 1020 4 16 - 4.16 
5/7/73 1500 588 912 3.72 - 3.72 
6/7/73 1500 711 789 3 22 12 5 15.72 
7/7/73 1500 2924 -1424 -5.81 1 4 -4.41 
8/7/73 1500 2150 -650 -2.65 - -2.65 
9/7/73 1 5nn 1147 353 1 44 - 1 44 
10/7/73 1500 872 628 2.56 1.4 J 96 
11/7/73 1500 755 645 3.04 0.1 3.14 
12/7/73 1500 1257 243 0.99 3.9 4.89 
13/7/73 1500 1179 321 1 31 6.3 7.61 
14/7/73 1500 2314 -814 -3.32 6.3 2.98 
15/7/73 1500 3220 -1720 -7.02 0.7 -6.32 
16/7/73 1500 1833 -333 -1.36 33.7 32.34 
17/7/73 1500 1.8 
18/7/73 1500 Flooded 3 5 
19/7/73 1500 2.1 
20/7/73 1500 863 637 2.60 0.5 3.10 
21/7/73 1500 973 527 2.15 4.1 6.25 
22/7/73 1500 1252 248 1.01 - 1.01 
23/7/73 1500 811 689 2.81 - 2.81 
24/7/73 1500 760 740 3.02 - 3.02 
25/7/73 1500 868 632 2.58 - 2.50 
26/7/73 1500 816 684 2.79 - 2.79 
27/7/73 1500 615 885 3.61 - 3.61 
28/7/73 1500 728 772 3.15 - 3.15 
29/7/73 1500 735 765 3.12 - 3 12 
30/7/73 1500 836 664 2 71 - 2.71 
31/7/73 1500 517 983 4.01 - 4.01 



Daily data of potential evapotranspiration measured by 
evapoti anspirometers at Durham Observatory 

Date 
Water added 

cc 

Water collected 
(average) 

cc 

Diff(added -collected) R a i n f a l l 
mm 

Et 
mm Date 

Water added 

cc 

Water collected 
(average) 

cc cc mm 
R a i n f a l l 

mm 
Et 
mm 

1/8/73 1500 640 860 3.51 1.0 4.51 
2/8/73 1500 863 637 2 . 60 - 2.60 
3/8/73 1500 735 765 3.1' 0 5 3.62 
4/8/73 1500 1002 498 2.03 1.4 3.43 
5/8/73 1500 640 860 3.51 25.2 28.71 
6/8/73 1500 1787 -287 -1.17 2.9 1.73 
7/8/73 1500 2782 -1282 -5.23 1.0 -4.23 
8/8/73 1500 2174 -674 -2.75 1.6 -1.15 
9/8/73 1500 1069 431 1.76 - 1.76 

10/8/73 1500 1370 130 0.53 2.9 3.43 
11/8/73 1500 1238 262 1 07 - 1 07 
12/8/73 1500 1672 -172 -0.70 - -0 70 
13/8/73 1500 1056 444 1.81 - 1.81 
14/8/73 1500 973 527 2.15 - 2.15 
15/8/73 1500 811 689 2.81 - 2.81 
16/8/73 1500 730 770 3.14 - 3 14 
17/8/73 1500 716 784 3.20 - 3.20 
18/8/73 1500 559 941 3.84 1 0 4.84 
19/8/73 1500 620 880 3.59 22.2 25.79 
20/8/73 1500 3995 -2495 -10.18 3.2 -6.98 
21/8/73 1500 3508 -2008 -8.19 - -8.19 
22/8/73 1500 2382 -882 -3.60 - -3.60 
23/8/73 1500 1118 382 1.56 - 1.56 
24/8/73 1500 897 603 2.46 - 2.46 
25/8/73 1500 1022 478 1.95 - 1.95 
26/8/73 1500 1184 316 1.29 - 1.29 
27/8/73 1500 1157 343 1.40 - 1 .40 

28/8/73 1500 1108 392 1 . 60 - 1.60 
29/8/73 1500 - - - 2.5 2.50 
30/8/73 1500 1319 181 -0 74 0 7 -0.04 
31/8/73 1500 1179 321 1.31 0.1 1.41 



Daily data of potential evapotranspiration measured by 
evapotranspiromeLers at Durham Observatory 

Date 
Water added Water collected 

(average) 
cc 

Diff(added- collected) R a i n f a l l EL 
Date cc 

Water collected 
(average) 

cc cc mm mm mm 

1 / 9 / 7 3 1 5 0 0 1 1 5 2 3 4 8 1 . 4 2 - 1 . 4 2 

2 / 9 / 7 3 1 5 0 0 9 7 3 5 2 7 2 . 1 5 - 2 . 1 5 

3 / 9 / 7 3 1 5 0 0 9 6 1 5 3 9 2 . 2 0 1 0 3 . 2 0 

4 / 9 / 7 3 1 5 0 0 1 2 6 0 2 4 0 0 . 9 8 - 0 9 8 

5 / 9 / 7 3 1 5 0 0 1 2 0 3 2 9 7 1 . 2 1 - 1 2 1 

6 / 9 / 7 3 1 5 0 0 1 0 4 7 4 5 3 1 . 8 5 - 1 8 5 

7 / 9 / 7 3 1 5 0 0 9 8 3 5 1 7 2 . 1 1 - 2 . 1 1 

8 / 9 / 7 3 1 5 0 0 - - - - -
9 / 9 / 7 3 1 5 0 0 - - - 1 . 2 1 . 2 0 

1 0 / 9 / 7 3 1 5 0 0 9 6 6 5 3 4 2 . 1 8 - 2 . 1 8 

1 1 / 9 / 7 3 1 5 0 0 4 2 2 1 0 7 8 4 . 4 0 - 4 . 4 0 

1 2 / 9 / 7 3 1 5 0 0 9 1 2 5 8 8 2 4 0 0 . 2 2 . 6 0 

1 3 / 9 / 7 3 1 5 0 0 9 9 3 5 0 7 2 . 0 7 0 . 5 2 . 5 7 

1 4 / 9 / 7 3 1 5 0 0 1 2 1 3 2 8 7 1 . 1 7 - 1 1 7 

1 5 / 9 / 7 3 1 5 0 0 1 4 3 4 6 6 0 . 2 7 2 . 1 2 3 7 

1 6 / 9 / 7 3 1 5 0 0 1 2 6 5 2 3 5 0 . 9 6 0 . 1 1 . 0 6 

1 7 / 9 / 7 3 1 J O O 1 5 3 7 - 3 7 - 0 . 1 5 2 . 0 1 . 8 5 

1 8 / 9 / 7 3 1 5 0 0 1 6 8 6 - 1 8 6 - 0 . 7 6 1 1 4 1 0 . 6 4 

1 9 / 9 / 7 3 1 5 0 0 2 1 9 8 - 6 9 8 - 2 . 8 5 0 . 3 - 2 5 3 

2 0 / 9 / 7 3 1 5 0 0 2 5 0 5 - 1 0 0 5 - 4 . 1 0 - - 4 . 1 0 

2 1 / 9 / 7 3 1 5 0 0 2 1 4 5 - 1 4 5 - 0 5 9 - - 0 . 5 9 

2 2 / 9 / 7 3 1 5 0 0 1 2 2 3 2 7 7 1 . 1 3 1 6 . 3 1 7 . 4 3 

2 3 / 9 / 7 3 1 5 0 0 3 0 0 2 - 1 5 0 2 - 6 . 1 3 - - 6 . 1 3 

2 4 / 9 / 7 3 1 5 0 0 2 5 7 6 - 1 0 7 6 - 4 . 3 9 - - 4 . 3 9 

2 5 / 9 / 7 3 1 5 0 0 1 8 4 1 - 3 4 1 - 1 . 3 9 1 6 - 0 2 1 

2 6 / 9 / 7 3 1 5 0 0 1 4 9 0 1 0 0 . 0 4 0 . 5 0 5 4 

2 7 / 9 / 7 3 1 5 0 0 1 5 5 7 - 2 5 7 - 1 . 0 5 5 . 9 4 . 8 5 

2 8 / 9 / 7 3 1 5 0 0 1 8 0 4 - 3 0 4 - 1 . 2 4 0 . 1 - 1 . 1 4 

2 9 / 9 / 7 3 1 5 0 0 1 5 4 7 - 4 7 - 0 . 1 9 5 . 5 5 . 3 1 

3 0 / 9 / 7 3 1 5 0 0 1 9 8 3 - 4 8 3 - 1 . 9 7 0 . 1 - 1 8 7 



APPENDIX I I I 2. 

Daily data of potential evapotranspiration measured by 
evapotranspirometers at Honey H i l l 

Date 
Water added 

cc 
Water collected 

(average) 
cc 

D i f f (added-collected) R a i n f a l l 

mm 

Et 
Date 

Water added 
cc 

Water collected 
(average) 

cc cc mm 

R a i n f a l l 

mm mm 

14/7/73 1500 2358 -858 -3.50 12.0 8.50 
15/7/73 1500 2750 -1250 -5.10 7.8 2.70 
16/7/73 1500 2750 -1250 -5 10 2.0 -3 10 
17/7/73 1500 3976 -2476 -10.10 22.2 12.10 
18/7/73 1500 2848 -1348 -5.50 1.0 -4.50 
19/7/73 1500 1402 98 0.40 2 8 3.20 
20/7/73 1500 1647 -147 -0 60 0 5 -0.10 
21/7/73 1500 789 711 2 90 - 2.90 
22/7/73 1500 - - - 7.3 7 20 
23/7/73 1500 - - - 0.2 0.20 
24/7/73 1500 1132 368 l.JO - -1.50 
25/7/73 1500 691 809 3 30 - 3.30 
26/7/73 1500 667 833 3.40 - 3.40 
27/7/73 1500 716 784 3.20 - 3.20 
28/7/73 1500 618 882 3.60 - 3.60 
29/7/73 1500 - - - - -
30/7/73 1500 1353 147 0.60 3.25 3 85 
31/7/73 1500 544 956 3.90 - 3.90 



Daily data of potential evapotranspiration measured by 
evapotranspiromcters at Honey H i l l 

Date 
Water added Water collected 

(average) 
cc 

Dif f (added-collected) R a i n f a l l Et 
Date cc 

Water collected 
(average) 

cc cc mm mm mn 

1/8/73 1500 838 662 2.7 - ?.7C 
2/8/73 1500 642 858 3.5 - 3.5C 
3/8/73 1500 1353 147 0 6 2.20 2.8C 
4/8/73 1500 - - 2.00 2.0C 
5/8/73 1500 - - - 1.50 1.50 
6/8/73 1500 4392 -2892 -11.8 35.00 23.2C 
7/8/73 1500 4122 -2622 -10 7 2.00 -8.70 
8/8/73 1500 1426 74 0.3 1 80 2.1C 
Q/S/73 1500 838 662 2 7 0 RQ 3 5C 

10/8/73 1500 1083 417 1.7 0.50 2.2C 
11/8/73 1500 - - - 13.50 13.50 
12/8/73 1500 - - - - -
13/8/73 1500 2775 -1275 -5 2 - -5 2C 
14/8/73 1500 642 858 3.5 - 3.50 
15/8/73 1500 544 956 3 9 - 3.9C 
16/8/73 1500 301 1299 5.3 - 5.3C 
17/8/73 1500 79 1421 5.8 - 5.80 
18/8/73 1500 - - - - -
19/8/73 1500 - - - 1.80 1.8C 
20/8/73 1500 3412 -1912 -7.8 24.00 16.2C 
21/8/73 1500 3927 -2427 -9.9 4.00 -5.90 
22/8/73 1500 4932 -3432 -1.4 - -1.40 
23/8/73 1500 789 711 2 9 - 2.9C 
24/8/73 1500 887 613 2.5 - 2.50 
25/8/73 1500 - - - - -
26/8/73 1500 - - - - -
27/8/73 1500 - - - - -
28/8/73 1500 887 613 2.5 - 2.50 
29/8/73 1500 642 858 3.5 - 3.50 
30/8/73 1500 1108 392 1 6 6.25 7 8^ 
31/8/73 1500 1770 -270 -1.1 2.25 1.15 



Daily data of potential evapotranspiration measured by 
evapotranspirometers at Honey H i l l 

Date 
Water added 

cc 
Water collected 

(average) 
cc 

Diff.(added--collected) R a i n f a l l 

mm 

Et 

mm 
Date 

Water added 
cc 

Water collected 
(average) 

cc cc mm 

R a i n f a l l 

mm 

Et 

mm 

1/9/73 1500 1157 343 1.40 1.5 2.90 
2/9/73 1500 - - - - -
3/9/73 1500 1010 490 2 0 - 2 00 
4/9/73 1500 544 956 3 9 0 5 4 40 
5/9/73 1500 936 564 2 3 - 2.30 
6/9/73 1500 593 907 3.7 - 3.70 
7/9/73 1500 838 662 2.7 - 2.70 
8/9/73 1500 

1 ™ /*\ /"» 

- - - - -
•it •i i -> 

10/9/73 
J- ^<J\J 

1500 1083 417 1.7 2 25 3.95 
11/9/73 1500 961 539 2.2 - 2.20 
12/9/73 1500 1059 441 1.8 - 1 80 
13/9/73 1500 1083 417 1 7 - 1.70 
14/9/73 1500 1255 245 1 .0 0 80 1.80 
15/9/73 1500 - - - - -
16/9/73 1500 - - - 0 80 0.80 
17/9/73 1500 - - - - -
18/9/73 1500 1377 123 0.5 3.80 4.30 
19/9/73 1500 3780 -2280 -9 3 14 80 5.50 
20/9/73 1500 2480 -980 -4.0 0.5 -3.50 
21/9/73 1500 1010 490 2.0 - 2.00 
22/9/73 1500 1181 319 1 3 1.25 2.55 
23/9/73 1500 - - - 8.25 8.25 
24/9/73 1500 3436 -1936 -7.9 1.00 -6.90 
25/9/73 1500 1206 294 1 2 - 1.20 
26/9/73 1500 1304 196 0.8 1 25 2 03 
27/9/73 1500 1255 245 1.0 - 1.00 
28/9/73 1500 2995 -1495 -6 1 9.80 3.70 
29/9/73 1500 - - - 1 25 1.25 
30/9/73 1500 - - - 8.25 8.25 



Daily data of potential evapotranspiration measured by 
evapotranspirometers at Honey H i l l 

Date 
Water added 

cc 

Wacer collected 
(average) 

cc 

Diff (added -collected) Rainfall 

mm 
Et 
mm Date 

Water added 

cc 

Wacer collected 
(average) 

cc cc mm 

Rainfall 

mm 
Et 
mm 

1/10/73 1500 2995 -1495 - 6 . 1 _ -6.10 
2/10/73 1500 814 686 2 8 - 2.80 
3/10/73 1500 1230 270 1.1 - 1.10 
4/10/73 1500 1255 245 0.1 1.25 1 40 
5/10/73 1500 1868 -368 -0.15 - -0.15 
6/10/73 1500 - - - - 0 
7/10/73 1500 - - - 0 50 0.50 
8/10/73 1500 - - - 0 25 0.25 
rt 1 i » / -» <\ 

i»/ i U / / J 
1 C " " i con 

J ' <J X. 

-81 -0 .33 L fin 4 27 
10/10/73 1500 2186 -686 -2 80 4.10 1 28 
11/10/73 1500 2961 -1461 -5.96 6.40 0.44 
12/10/73 1500 1431 69 0 28 - 0.28 
13/10/73 1500 - - - - -
14/10/73 1500 - - - - -
15/10/73 1500 2797 -1297 - 5 29 8 40 3 11 
16/10/73 1500 1990 -490 -2.00 - -2.00 
17/10/73 1500 1990 -490 -2.00 4.10 H2 10 
18/10/73 1500 1650 -150 -0 61 - -0.61 
19/10/73 1500 2385 -885 -3.61 6.80 3.19 
20/10/73 1500 - - - 7.60 7.60 
21/10/73 1500 - - - 1.80 1 80 

22/10/73 1500 3559 -2059 -8.40 2 80 -5.60 
23/10/73 1500 2039 -539 -2 20 0.50 -1.70 
24/10/73 1500 544 956 -0.39 0.25 0.64 
25/10/73 1500 1309 191 0 78 - 0 78 
26/10/73 1500 1309 191 0.78 - 0.78 
27/10/73 1500 - - - - -
28/10/73 1500 - - - - -
29/10/73 1500 1495 5 0.02 2.80 2.82 
30/10/73 1500 1853 -353 -1 44 i -1.44 
31/10/73 1500 1404 96 0.39 - 0 39 



Daily data of potential evapotranspiration measured by 
evapotranspirometers at Honey H i l l 

Date 
Water added WaLer collected 

(average) 
cc 

Diff (added-collected) R a i n f a l l Et 
Date 

cc 

WaLer collected 
(average) 

cc cc mm mm mm 

1/11/73 1500 1309 191 0 78 1 00 1 78 
2/11/73 1500 1650 -150 -0 61 - -0 61 
3/11/73 1500 - - - - -
4/11/73 1500 - - - 0 50 0 50 
5/11/73 1500 1760 -260 -1 06 1 30 0 24 
6/11/73 1500 1370 130 0 53 - 0.53 
7/11/73 1500 1287 213 0.87 - 0 87 
8/11/73 1500 1321 179 0.73 - 0 73 
9/11/73 1500 1404 96 0 39 3 60 3.99 
10/11/73 1500 - - - 10 70 10 70 
11/11/73 1500 - - 0 70 0 70 
12/11/73 1500 4147 -2647 - i n 8o 2 30 -8 50 
13/11/73 1500 2140 -640 -2.61 2 50 -0 11 
14/11/73 1500 2064 -564 -0 23 0 50 0.27 
15/11/73 1500 1309 191 0.78 0 25 1 03 
16/11/73 1500 1341 159 0.65 0 50 1 15 
17/11/73 1500 - - - - -
18/11/73 1500 - - - - -
19/11/73 1500 1458 42 0.17 1 00 1 17 
20/11/73 1500 1429 71 0 29 - 0 29 
21/11/73 1500 1431 69 0.28 - 0 28 
22/11/73 1500 1458 42 0.17 - 0.17 
23/11/73 1500 1429 71 0 29 - 0 29 
24/11/73 1500 .25 
25/11/73 1500 .25 
26/11/73 1500 -
27/11/73 1500 No measureir ent -
28/11/73 1500 -
29/11/73 1500 4.06 
30/11/73 1500 -



Daily data of potential evapotianspiration measured by 
evapotranspirometers at Honey H i l l 

Date 
Water added 

cc 

WaLer collected 
(average) 

cc 

D i f f (added-collected) R a i n f a l l 

mm 

Et 

mm 
Date 

Water added 

cc 

WaLer collected 
(average) 

cc cc mm 

R a i n f a l l 

mm 

Et 

mm 

1/12/73 1500 - - - 0 25 0.25 
2/12/73 1500 - - - 0 76 0.76 
3/12/73 1500 1377 123 0 50 1 01 1 51 
4/12/73 1500 1287 213 0.87 - 0.87 
5/12/73 1500 1341 159 0 65 - 0 65 
6/12/73 1500 1652 -152 -0.62 1 27 0.65 
7/12/73 1500 1375 125 0.51 - 0 51 
8/12/73 1500 2.79 
9/12/73 -

10/12/73 -
11/12/73 No measurements 0.76 
12/12/73 -
13/12/73 5 1 
14/12/73 -
15/12/73 1500 - - - - -
16/12/73 1500 - - - 2 0 2.0 
17/12/73 1500 1/18 -218 -0.89 - -0.89 
18/12/73 1500 1294 206 0 84 - 0 
19/12/73 1500 1348 152 0 62 - 0 62 
20/12/73 1500 2277 -777 -3.17 6 6 3 4." 
21/12/73 1500 1716 -216 -8 80 9 1 0 3( 
22/12/73 1500 1745 -245 -1 0 1 8 0 8i 
23/12/73 1500 - - - 4.6 4.6 
24/12/73 1500 2456 -956 -3.90 0 25 -3.f 
25/12/73 1500 0 0 0 - 0 
26/12/73 1500 - - - 0 25 0 
27/12/73 1500 1458 42 0.17 - o-
28/12/73 1500 1409 -91 -0.37 0 76 0 
29/12/73 1500 - - - 0 50 0 
30/12/73 1500 - - - 1 52 1 
31/12/73 1500 1882 -382 -1.56 - -1 



D a i l y daLa of p o t e n t i a l e v a p o t r a n s p i r a t i o n measured by 
evapotranspirometers at Honey H i l l 

Date 
Water added Water c o l l e c t e d 

(average) 
cc 

D i f f (added-collected) R a i n f a l l Et 
Date 

cc 

Water c o l l e c t e d 
(average) 

cc cc mm mm mm 

1/1/74 1500 - - - - -
2/1/74 1500 - - - - -
3/1/74 1500 1341 159 0 65 - 0 65 
4/1/74 1500 1279 221 0 90 1 52 2.42 
5/1/74 1500 - - - 8 89 8 89 
6/1/74 1500 - - - 2 54 2 5<4 
7/1/74 1500 4392 -2892 -11 80 3.30 -8 50 
8/1/74 1500 2581 -1081 -4.41 8 12 3 71 
9/1/74 1500 3561 -2061 -8 41 12 40 3 99 

10/J./74 l50U 4iU0 -2600 -10 61 - - i l i . U l 

11/1/74 1500 2211 -711 -2 90 8.60 5.70 
12/1/74 1500 - - - 4 31 4.31 
13/1/74 1500 - - - 5 84 5.6* 
14/1/74 1500 4147 -2647 -10 80 2 54 -8 26 
15/1/74 1500 3927 -2427 -9 90 7 11 -2 79 
16/1/74 1500 3559 -2059 -8 40 8 89 0.49 
17/1/74 1500 2309 -809 -3.30 6 60 3 30 
18/1/74 1500 765 735 -3 00 0 50 -2 _>u 
19/1/74 1500 - - - .25 0 25 
20/1/74 1500 - - - - -
21/1/74 1500 - - - - -
22/1/74 1500 1392 108 0.44 - 0 44 
23/1/74 1500 1409 91 0 37 0 25 0 62 
24/1/74 1500 1404 96 0.39 2 28 2 67 
25/1/74 1500 1770 -270 -1.10 - -1 1 
26/1/74 1500 - - - - -
27/1/74 1500 - - - 5 84 5 84 
28/1/74 1500 3951 -2451 -10.0 15 24 5 24 
29/1/74 1500 3669 -2169 -8 85 5 33 -3.5? 
30/1/74 1500 4147 -2C47 -10 80 11 43 1 63 
31/1/74 1500 3030 -1530 -6 24 5 33 -0 91 



Daily data of potential evapotranspiration measured by 
evapotransp]rometers at Honey H i l l 

Date Water added Water collected 
(average) 

cc 

D i f f (added-collected) R a i n f a l l ht 

cc 

Water collected 
(average) 

cc cc mm mm mm 

1/2/74 1500 765 735 -3 00 0 25 -2 75 
2/2/74 1500 - - - 10.66 10 66 
milk 1500 2755 -1255 -5 12 5 58 -0 46 
4/2/74 1500 3956 -2456 -10 02 - -10 02 
5/2/74 1500 1458 42 17 0 25 0 42 
6/2/74 1500 1936 -436 -1 78 8 38 6 60 
7/2/74 1500 2770 -1220 -4 98 1 52 -3 46 
miik 1500 2122 -622 -2.54 - -2 54 
VI Ll'lk 1500 - - - 6 60 6 60 

10/2/74 1500 - - - 3 60 3. GO 
11/2/74 1500 3794 -2294 -9 36 2 50 -6 86 
12/2/74 1500 2319 -819 -3 34 5 10 1 76 
13/2/74 1500 2086 -586 -2 39 1 80 -0 59 
14/2/74 1500 1451 49 0 20 - 0 20 
15/2/74 1500 1787 -287 -1.17 5 10 3 93 
16/2/74 1500 - - - 0.50 0 50 
17/2/74 1500 - - - 6 60 6 6u 
18/2/74 1500 3794 -2294 -9 36 1 80 -7.56 
19/2/74 1500 1723 -223 -0 91 1 00 0 09 
20/2/74 1500 1740 -240 -0.98 0 80 -0.18 
21/2/74 1500 1596 -96 -0 39 1 50 1 11 
22/2/74 1500 1422 78 0.32 2 00 2 32 
23/2/74 1500 - - - - -
24/2/74 1500 - - - - -
25/2/74 1500 1505 -5 -0 02 - -0 20 
26/2/74 1500 1314 186 .76 - 0 76 
27/2/74 1500 1213 287 1 17 - 1 1 / 
28/2/74 1500 1404 96 39 - 0 39 



Daily data oC potential evapotranspiraLion measured by 
evapolransplrometers at Honey H i l l 

Date 
Water added Water collected 

(average) 
cc 

D i f f (added-collected) R a i n f a l l Et 
Date 

cc 

Water collected 
(average) 

cc cc mm mm mm 

1/3/74 1500 1458 42 0 17 7 4 7 57 
2/3/74 1500 - - - 0 3 0 30 
3/3/74 1500 - - - -
4/3/74 1500 2074 -574 -2 34 9 4 7 06 
5/3/74 1500 2652 -]]52 -4 70 6 8 2 10 
6/3/74 1500 2838 -1338 -5 46 - -5.46 
7/3/74 1500 1887 -387 -1 58 2 5 0.92 
8/3/74 1500 1549 -49 -0 20 - 0 02 
€\ 1 O / *7 /, 
•> 1 ~>l 1 ~r 

1 ?nn - - - - -
10/3/74 1500 - - - 1 0 1 00 
11/3/74 1500 1596 -96 -0 39 1 0 0 61 
12/3/74 1500 1642 -]42 -0 58 8 1 7 52 
13/3/74 1500 2863 -1363 -5.56 4.3 -1 26 
14/3/74 1500 2887 -1387 -5.66 6 4 0 74 
15/3/74 1500 1740 -240 -0 98 1 8 0 82 
16/3/74 1500 - - - 3 3 3 30 
17/3/74 1500 - - - 0 8 0 80 
18/3/74 1500 2647 -1147 -4 68 6 1 ] 42 
19/3/74 1500 1642 -142 -0 58 0.5 -0 08 
20/3/74 1500 1549 -49 -0 20 2.5 2 30 
21/3/74 1500 2530 -1030 -4.20 6 A 2 20 
22/3/74 1500 1549 -49 -0 20 - -0 20 
23/3/74 1500 - - - - -
24/3/74 1500 - - - - -
25/3/74 1500 1451 49 0.20 1 8 2 0 
26/3/74 1500 1451 49 0 20 1 3 1 50 
27/3/74 1500 1404 96 0 39 - 0 39 
28/3/74 1500 1159 341 1 39 - 1 39 
29/3/74 1500 1083 417 1 70 - 1.70 
30/3/74 1500 - - - - -
31/3/74 1500 - - - - -



Daily data of potential evapotranspiration neasured by 
evapotranspiroireters at Honey H i l l 

Date Water added 

cc 

Water collected D i f f (added-collecLed) Ra i n f a l l 

mm 

EL 

mn. 
Date Water added 

cc (average) 
cc cc mm 

Rai n f a l l 

mm 

EL 

mn. 

1/4/74 1500 1260 240 0.98 - 0 98 
2/4/74 1500 686 814 3.32 - 3.32 
3/4/74 1500 1132 368 1 50 - 1 50 
4/4/74 1500 1C71 429 1 75 - 1 75 
5/4/74 1500 1118 382 1.56 - 1 56 
6/4/74 1500 1181 319 1 30 - 1 30 
7/4/74 1500 1181 319 1 30 - 1 30 
8/4/74 1500 1218 282 1 15 - 1 15 
O / # / "7 /, 
J> f ~r t * ~r 

1 r r t n 
J - - * 

IZ'-S 252 1 03 - 1 03 
10/4/74 1500 980 520 2 12 - 2 12 
11/4/74 1500 860 640 2 61 9 4 12 01 
12/4/74 1500 1382 -882 -3 60 1 3 -2 30 
13/4/74 1500 - - - - -
14/4/74 1500 - - - - -
15/4/74 1500 - - - - -
16/4/74 1500 2694 -1194 -4.87 - -4.87 
17/4/74 1500 689 811 3 31 0 5 3.81 
18/4/74 1500 1108 392 1 60 - 1 6C 
19/4/74 1500 1081 419 1 71 - 1 71 
20/4/74 1500 1196 304 1 24 - 1 24 
21/4/74 1500 1132 368 1 50 - 1 50 
22/4/74 1500 1076 424 1 73 - 1 73 
23/4/74 1500 1071 429 1 75 - 1.75 
24/4/74 1500 926 574 2.34 - 2.34 
25/4/74 1500 1020 480 1 96 - 1 96 
26/4/74 1500 1113 387 1 58 - 1 58 
27/4/74 1500 1081 419 1 71 - 1 71 
28/4/74 1500 1676 -176 -0 72 7 5 6 78 
29/4/74 1500 4081 -2581 -10 53 12 5 1 97 
30/4/74 1500 1672 -172 -0 70 - 0 70 



Daily data of potential evapolranspiration measured by 
evapotranspirometers at Honey H i l l 

Date Water added 

cc 

Water collected 
(average) 

cc 

D i f f (added-collected) R a i n f a l l 

mm 

Et 

mm 
Date Water added 

cc 

Water collected 
(average) 

cc cc mm 

Ra i n f a l l 

mm 

Et 

mm 

1/5/7* 1500 U18 382 1.56 - 1 56 
2/5/74 1500 1213 287 1 17 - 1 17 
3/5/74 1500 1118 382 1 56 2 50 4 06 
4/5/74 1500 - - - 1.00 1 00 
5/5/74 1500 640 860 3.51 0.25 3 76 
6/5/74 1500 1093 407 1 66 2 50 4 16 
7/5/74 1500 1333 167 0.68 - 0 68 
8/5/74 1500 1022 478 1 95 - 1 95 
9/5/74 1500 8u6 69f i\ n i i. . C O - O QO 

10/5/74 1500 1309 191 0 78 10.00 10 78 
11/5/74 1500 - - - 2 30 2 30 
12/5/74 1500 1902 -402 -1 64 - -1.64 
13/5/74 1500 902 598 2.44 2 50 4 94 
14/5/74 1500 1333 167 0 68 0 70 1 38 
15/5/74 1500 711 789 3 22 - 3 22 
16/5/74 1500 711 789 3 22 - 3 22 
17/5/74 1500 811 689 2 81 - 2 81 
18/5/74 1500 946 554 2 26 - 2.2o 
19/5/74 1500 1152 348 1 42 3 80 5 22 
20/5/74 1500 1213 237 1 17 - 1.17 
21/5/74 1500 787 713 2 91 - 2 91 
22/5/74 1500 902 598 2 44 0 30 2.74 
23/5/74 1500 877 623 2.54 0 30 0 84 
24/5/74 1500 3699 -2199 -8 97 19.60 10 63 
25/5/74 1500 1625 -125 -0 51 0 30 0 21 
26/5/74 1500 998 502 2.05 - 2 05 
27/5/74 1500 644 856 3.49 - 3 49 
28/5/74 1500 500 1000 4.08 - 4 08 
29/5/74 1500 740 760 3 10 - 3 10 
30/5/74 1500 569 931 3 80 - 3.80 
31/5/74 1500 564 936 3.82 - 3.82 

i 



Daily data of potential evapotranspiration measured by 
evapotranspiromcters at Honey H i l l 

Date Water added Water collected 
(average) 

cc 

D i f f (added-collected) R a i n f a l l Et 

cc 

Water collected 
(average) 

cc cc mm mm mm 

1/6/74 1500 711 789 3 22 - 3.22 
2/6/74 1500 529 971 3 96 0 5 4 46 
3/6/74 1500 640 860 3 51 0.3 3 81 
4/6/74 1500 789 711 2 90 - 2 90 
5/6/74 1500 691 809 3 30 - 3 30 
6/6/74 1500 1328 172 0 70 6 6 7 30 
7/6/74 1500 1647 -147 -0 60 1 3 0 70 
8/6/74 1500 1819 -319 -1 30 1 3 0 
q/fi/7A 1 500 - - - 9 1 9 i n 
10/6/74 1500 2505 -1005 -4 10 7 9 3 80 
11/6/74 1500 1328 172 0 70 - 0 70 
12/6/74 1500 887 613 2 50 - 2 50 
13/6/74 1500 765 735 3.00 - 3 00 
14/6/74 1500 71C 784 3 20 - 3 20 
15/6/74 1500 544 956 3 90 - 3.90 
16/6/74 1500 176 1324 5 40 0.3 5 70 
17/6/74 1500 1059 441 1 80 7 4 9 20 
18/6/74 1500 1598 -98 -0 40 0 3 -0 10 
19/6/74 1500 593 907 3 70 - 3.70 
20/6/74 1500 470 1030 4.20 - 4.20 
21/6/74 1500 372 1128 4.60 - 4 60 
22/6/74 1500 470 1030 4.20 - 4 20 
23/6/74 1500 765 735 3.00 - 3 00 
24/6/74 1500 765 735 3 00 - 3.00 
25/6/74 1500 1010 490 2 00 - 2 00 
26/6/74 1500 1010 490 2 .00 0 80 2 80 
27/6/74 1500 1402 98 0 40 1.00 1 40 
28/6/74 1500 985 515 2,10 - 2 10 
29/6/74 1500 887 613 2 50 - 2 50 
30/6/74 1500 789 711 2 90 - 2 90 



Daily data of potential evapotranspiration measured by 
evapotransptrometers at Honey H i l l 

Date Water added 

cc 

Water collected 
(average) 

cc 

D i f f (added-collected) Ra i n f a l l 

mm 

Et 

mm 
Date Water added 

cc 

Water collected 
(average) 

cc cc mm 

Rai n f a l l 

mm 

Et 

mm 

1/7/74 1500 1282 218 0 89 7.62 8.51 
2/7/74 1500 2049 -549 -2.24 - -2.24 
3/7/74 1500 3645 -2145 -8.75 22.1 13 35 
4/7/74 1500 ^456 -956 -3.90 2 0 -1.90 
5/7/74 1500 2792 -1292 -5 27 14 0 8 73 
6/7/74 1500 3647 -2147 -8 76 8 1 -0.66 
7/7/74 1500 - - - 0 3 0.30 
8/7/74 1500 2407 -907 -3.70 - -3.70 
9/7/74 1 500 £19 1081 /, / . i - '< 41 

10/7/74 1500 593 907 3.70 - 3 70 
jl/7/74 1500 1164 336 1 37 4 83 6.20 
12/7/74 1500 973 527 2 15 1 02 3.17 
13/7/74 1500 542 958 3.91 0.30 4.21 



APPENDIX TIT 3 

Daily data of actual evapotranspiration measured by lysimeters 
at Durham Observatory 

Date 
lysimeter One lysimeter Two Average 

Depth 
mm Rai n f a l l 

mm 
Date Reading D i f f i n 

readings 
Depth 
mm Reading D i f f 

Ln re
adings 

Depth 
mm 

Average 
Depth 
mm Rai n f a l l 

mm 

15/5/73 10.1 -0 1 -0 7 6 4 -0 4 -2.7 -1.7 -
16/5/73 10 0 -0 2 -1 3 6 0 -0 2 -1 3 -1 3 -
17/5/73 9.8 -0 3 -2 0 5 8 -0 2 -1 3 -1 6 -
18/5/73 9.5 -0 1 -0.7 5.6 -0.1 -0 7 -0 7 -
19/5/73 9.4 +1 1 +7.3 5 5 +1 5 +10 0 +8 6 -
20/5/73 10.5 +0 7 +4 7 7 0 +0 6 +4 0 +4 4 7 8 
21/5/73 11.2 +] 0 +6 7 7 6 +0 6 +4 0 +5 4 5 6 
22/5/73 12 2 +u .2 +1 3 8 2 -rC 3 i ° ̂  • i e. 7.8 
23/5/73 12.4 +0 2 +1 3 8 5 +0 3 +2 0 +1 6 1 4 
24/5/73 12 6 +0 1 +0.7 8 8 +0 1 +0 7 +0 7 1.3 
25/5/73 12 7 -0 2 -1 3 8 9 -0 1 -0.6 -1 2 5 
26/5/73 12.5 -0 3 -2 0 8 8 -0 3 -2 0 -2 0 1 
27/i/73 12.2 -0 4 -2 7 8 5 -0 6 -4 0 -3.4 -
28/5/73 11 8 -0 2 -1 3 7.9 -0 2 -1 3 -1 3 -
29/5/73 11.6 +0 6 +4 0 7 7 +0 5 +3.4 +3.7 -
30/5/73 12.2 -0.1 -0 7 8 2 0 +0 -0 4 6 7 
31/5/73 12.1 -0.1 -0.7 8 2 -0 2 -1.3 -1 0 0 3 
1/6/73 12.0 8 0 1 6 



Daily data of actual evapotranspiration measured by lysimeters 
at Durham Observatory 

lysimeter One 1ysimeter Two Average 
Date Reading D i f f i n 

readings 
Depth 
mm 

Reading D i f f i n readings 
Depth 
mm 

Depth 
mm 

Rainfall 
m 

1/6/73 12 0 8.0 1 6 
2/6/73 - +1 4 +9.3 - +1 1 +7.3 +8.3 -

3/6/73 
4/6/73 
5/6/73 
6/6/73 
7/6/73 
8/6/73 
9/6/73 

1 r\ f C f~t 0 

13 4 
13 3 
13.0 
12 4 
12 1 
11 5 

-0.1 
-0 3 
-0 6 
-0 3 

-0 7 
-2 
4 
-2 

9 1 
8 8 
8 3 
7.6 
7 3 

-0 3 
-0 5 
-0 7 
-0.3 

-2 
-3 4 
-4 7 
-2 

-1.4 
-2 7 
-4 4 
-2.0 

11 2 
0.3 

3/6/73 
4/6/73 
5/6/73 
6/6/73 
7/6/73 
8/6/73 
9/6/73 

1 r\ f C f~t 0 

13 4 
13 3 
13.0 
12 4 
12 1 
11 5 

-0 6 
-0 6 

-4 
-4 

9 1 
8 8 
8 3 
7.6 
7 3 '//.*>, 

/measu 
'/ / , 

:eme/ntf/
/ / / / 

-4 
-4 -

3/6/73 
4/6/73 
5/6/73 
6/6/73 
7/6/73 
8/6/73 
9/6/73 

1 r\ f C f~t 0 

10 9 
10 -

-0 5 -3 4 13 5 
13 1 

-0 4 -2 7 -3 

11/6/73 - -0 9 -6 - -0 6 -4 -5 -
12/6/73 
13/6/73 
14/6/73 
15/6/73 

9 5 
8 8 
8 3 
7.8 

-0 7 
-0 5 
-0 5 

-4 7 
-3 7 
-3 7 

12 5 
12 0 
11 8 
11 4 

-0 5 
-0 2 
-0 4 

-3 4 
-1 3 
-2 7 

-4 
-2 5 
-3 2 

0.7 

16/6/73 - -1 0 -6.7 - -0 8 -5.4 -6 -
17/6/73 6 8 10.6 1 8 
18/6/73 - -1 0 -6 7 - -0 6 -4 -5 4 0.2 
19/6/73 
20/6/73 
21/6/73 
22/6/73 
23/6/73 
24/6/73 
25/6/73 
26/6/73 

5 8 
6.9 
7.4 
6.9 
6.2 
6 8 
7 1 
6.8 

+1 1 
+0 5 
-0.5 
-0 7 
+0.6 
+0.3 
-0 3 

+7.3 
+3.4 
-3.4 
-4 7 
+4 
+2 
-2 

10 0 
11.4 
11 9 
11 5 
10 7 
11 3 
11.6 
11 5 

+1 4 
+0.5 
-0 4 
-0 8 
+0 6 
+0 3 
-0 1 

+9 3 
+3 4 
-2 7 
-5.4 
+4 
+2 
-0 7 

+8.3 
+3 4 
-3.0 
-5.0 
+4 0 
+2 0 
-1 3 

9 1 
4.2 
0.1 

5 6 
1 5 
0 1 

27/6/73 - -0 8 -5 4 - -0 7 -4 7 -5 0 0.4 
28/6/73 
29/6/73 
30/6/73 

6.0 
5 4 
5 1 

-0 6 
-0 3 

-4 0 
-2 0 

10 8 
10 2 
9 5 

-0 6 
-0 7 

-4 
-4 7 

-4.0 
-3 4 

1 



Daily data of actual evapotranspiration measured by lysimcters 
at Durham Observatory 

Date lysimeter One lysimeter Two Average 
Depth 
mm 

Rainfall 
mm 

Date Reading D i f f i n 
readings 

Depth 
mm 

Reading D i f f 
i n re
adings 

Depth ' 
mm 

Average 
Depth 
mm 

Rainfall 
mm 

30/6/73 5 1 9 5 -11 7 -10.2 -
1/7/73 - -1.3 -8 7 -1 7 -
in 112, 3 8 7.8 in 112, 

-0 4 -2.7 -0 6 -4 -3 4 
3/7/73 3 4 7 2 -0 8 

_ 3/7/73 
-0 4 -2.7 -0 8 -5 4 -4 0 4/7/73 3 0 6 4 -0 8 -5.4 

_ 4/7/73 
-0 6 -4 0 -0 8 -5.4 -4 7 5/7/73 2 4 5.6 12 5 5/7/73 
-0 2 -1 3 -0 5 -3 4 -2 4 6/7/73 2.2 5.1 1 4 

7/7/73 - +1 7 +11 7 +1.5 H-10 0 +10 8 
8/7/73 3.9 6.6 -
q l i 11% 
* 1 t — 

- 1 r\ 
• v-» 

- 6 7 - -1 0 -6 7 -f i 7 1 u 
10/7/73 2.9 5 6 0 1 10/7/73 

-0 2 -1 3 -0 3 —* -1 6 11/7/73 2 7 5.3 3 9 11/7/73 
-0 2 -1.3 -0 1 -0 7 -1 0 12/7/73 2 5 5 2 6.3 

13/7/73 - +1 0 +6 7 +0 7 +4 7 +5.7 6 3 
14/7/73 3 5 5 9 +8 7 0.7 14/7/73 

+1 3 +8.7 +1 3 +8 7 +8 7 
15/7/73 4 8 7 2 33 0 15/7/73 

-0 7 -4 7 -0 5 -3 4 -4 0 16/7/73 4.1 6 7 1 8 16/7/73 
+4.9 +3 3 +4 5 +30 0 +31.5 17/7/73 9 0 -0 6 11 2 3.4 17/7/73 
-0.1 -0 6 +0.1 +0 7 0 18/7/73 8.9 +2 11 3 +2 +2 2.0 18/7/73 
+0 3 +2 +0 3 +2 +2 

19/7/73 9 2 11 6 0 5 19/7/73 
-0.3 -2 0 0 -1 20/7/73 8 9 11 6 4.1 20/7/73 
-0 2 -1 3 -0 1 -0 7 -1 21/7/73 8.7 11 5 +1 4 -21/7/73 
-0 1 -0 7 +0 2 +1 4 +0 4 22/7/73 8 6 11 7 -22/7/73 
-0 1 -0 7 +0 2 +1 4 +0 4 23/7/73 8.5 11 9 -23/7/73 
40.1 +0 7 -0 1 -0 7 0 24/7/73 8 6 11 8 -0 8 -24/7/73 
-0 4 -2 6 -0 8 -5 4 -4 25/7/73 8 2 -4 6 11 0 -25/7/73 
-0.7 -4 6 -0.5 -3 4 -4 26/7/73 7.5 10 5 -0.7 -26/7/73 
-0 1 -0 7 -0.1 -0 7 -0.7 

27/7/73 7.4 +1 3 10 4 +0.4 -27/7/73 
+0 2 +1 3 -0 1 -0 7 +0.4 

28/7/73 7.6 10 3 -28/7/73 
-0.5 -3 4 -0 4 -2 6 -3 0 29/7/73 7.1 -0.5 9 9 -29/7/73 -0.5 -3 4 -0 3 -2 -2 7 30/7/73 6 6 -0 8 9 6 -30/7/73 -0 8 -5 4 -0 6 -4 -4 7 31/7/73 5.8 9 0 — 



Daily data of actual evapotranspiration measured by lysimeters 
at Durham Observatory 

Date lysimeter One lsyimeter Two Average 
Depth 
mm 

Rainfall 
mm 

Date 
Reading D i f f m 

readings 
Depth 
mm 

Reading D i f f i n readings 
Depth 
mm 

Average 
Depth 
mm 

Rainfall 
mm 

31/7/73 5 8 9 0 1 0 
1/8/73 -0 3 -2.0 -0.8 -5 4 -3 7 1/8/73 5.5 8 2 -0.8 -3 7 

_ 

2/8/73 -1 0 -6 7 -0 5 -3.4 -5 0 2/8/73 4 5 7 7 -0 5 -3.4 -5 0 0.5 
3/8/73 -0 6 -4 0 -0 4 -2 7 -3 4 3/8/73 3 9 7.3 -0 4 1 4 
4/8/73 -0 5 -3 4 -0 3 -2 0 -2 7 4/8/73 3 4 7 0 -0 3 -2 0 25 2 
5/8/73 -0 5 -3 4 -0.6 -4 0 -3 7 5/8/73 2 9 6 4 -0.6 -4 0 2 9 
6/8/73 +3 +20.0 +3 8 +25 3 +22.7 6/8/73 5 9 10 2 +25 3 +22.7 1 0 
7/8/73 -0.6 -4.0 -0 4 -2 7 -3.4 7/8/73 5 3 -4.0 9 8 -0 4 -3.4 1 6 
8/8/73 -0 8 -5.4 -0 5 -3.4 -4 4 8/8/73 4 5 -0 8 -5.4 9 3 -0 5 -3.4 

-
9/8/73 -U 6 -4.0 -0 b -4 0 -4 0 9/8/73 3 9 -4.0 8.7 -0 b -4 0 -4 0 2 9 
10/8/73 -0 4 -2 7 -0 4 -2.7 -2 7 10/8/73 3 5 8 3 -0 4 -2.7 

11/8/73 -0 5 -3.4 -0.7 -4 7 -4 0 11/8/73 3 -3.4 7 6 -0.7 -4 0 
_ 

12/8/73 -0 5 -3 4 -0 6 -4 0 -3.7 12/8/73 2 5 7 0 -0 6 -4 0 
-

13/8/73 -0 2 -1 4 -0 8 -5.4 -3.4 13/8/73 2 3 -0 2 6.2 -0 8 -5.4 -3.4 

14/8/73 -0 8 -5 4 -0 7 -4 7 -5 0 14/8/73 1 5 -0 8 5 5 -5 0 
_ 

15/8/73 -0 3 -2 0 -0 9 -6 0 -4.0 15/8/73 1 2 -2 0 4 6 -6 0 -4.0 
— 

16/8/73 -0.6 -4 0 -0 5 -3 4 -3 7 16/8/73 0 6 4.1 _ 

17/8/73 -0 8 -5 4 -0 6 -4.0 -4 7 17/8/73 -0 2 -0 8 3 5 -0 6 -4.0 
_ 

18/8/73 -0.5 -3 4 -0 5 -3 4 -3 4 18/8/73 7.8 -0.5 3.0 -0 5 1 0 
19/8/73 -0 3 -2 0 -0 7 -4.7 -3.4 19/8/73 7 5 2 3 -0 7 -3.4 22.2 
20/8/73 11 2 +3.7 +24.7 +3 4 +22 7 +23.7 20/8/73 11 2 5.7 +3 4 +22 7 +23.7 3 2 
21/8/73 +0.5 +3.4 +0 8 +5.4 +4 4 _ 
21/8/73 11 7 6 5 +0 8 +5.4 +4 4 

22/8/73 -0.3 -2 -0 7 -4.7 -3 4 _ 
22/8/73 11.4 -0.3 5.8 -0 7 -4.7 

23/8/73 -0 1 -0 7 -0 4 -2 7 -1 6 23/8/73 11.3 -0 1 -0 7 5 4 -0 4 
-

24/8/73 -0.8 -5 4 -0 7 -4.7 -5 0 24/8/73 10.5 4 7 -0 7 
-

25/8/73 -0.6 -4.0 -0 3 -2.0 -3 0 25/8/73 9 9 -4.0 4 4 -2.0 -3 0 
-

26/8/73 -0.5 -3.4 -0 3 -2 0 -2 7 26/8/73 9 4 -3.4 4 1 -2 0 
-

27/8/73 -0 2 -1.4 -0 3 -2 0 -1 7 27/8/73 9.2 -1.4 3 8 -0 3 
_ 

28/8/73 -0 1 -0 7 -0 2 -1 4 -1 1 28/8/73 9 1 -0 7 3 6 -0 2 
-

29/8/73 _ 2 5 
-0 4 -2 7 -0.* -2 7 -2 7 30/8/73 -

-0.* 0 7 
31/8/73 8 7 3 2 0.1 



Daily data of actual evapotranspiration measured by lysimeters 
at Durham Observatory 

Date 
lysimeter One lysimeLer Two Average 

Depth 
mm 

Ra i n f a l l 
mm 

Date Reading D i f f i n 
readings 

Depth 
mm Reading D i f f 

in re
adings 

Depth 
mm 

Average 
Depth 
mm 

Ra i n f a l l 
mm 

31/8/73 8 7 -0 4 2 7 3.2 0 0 -1 4 -
1/9/73 8 3 3.2 _ 1/9/73 

-0 3 -2 -0 9 -6 -4 2/9/73 8 0 2 9 -0 1 1 0 2/9/73 
-0 1 -0 7 -0 1 -0. ' -0 7 3/9/73 7.9 2.8 +2 7 +1 4 3/9/73 
0 0 -0 4 +2 7 +1 4 

4/9/73 7 9 -0.5 -3.4 2.4 4/9/73 -0.5 -3.4 -0 5 -3.4 -3 4 5/9/73 7 4 1 9 
0 -0 0 0 0 6/9/73 7 4 1 9 6/9/73 
-0 5 -3.4 -0 5 -3.4 -3 4 7/9/73 6.9 1.4 -

8/9/73 _ _ 
-] 0 8/9/73 

-0 6 -4 0 -] 0 -6 7 -5 3 9/9/73 - - 1 2 
10/9/73 6.3 0.4 _ 10/9/73 

0 0 -0 2 -1 4 -0 6 11/9/73 6 3 0 2 -
12/9/73 _ _ 0.2 12/9/73 

-0 2 -1.3 0 0 -0 6 13/9/73 6 1 0 2 0 5 
14/9/73 - 0 0 - +0 3 +2 0 +1 0 -
15/9/73 6 1 0 5 +3 4 + ] 4 2 1 15/9/73 

0.1 -0 7 +0 5 +3 4 + ] 4 
16/9/73 6 0 1 0 0 1 16/9/73 

0 0 -0 1 -0 7 -0 4 17/9/73 6 0 0 9 2.0 
18/9/73 - 1 0 +6.7 +0,3 +2 0 +4.4 11 4 
19/9/73 5.0 1 2 0.3 
20/9/73 _ 

+1 3 20/9/73 
-0 2 -1 3 -0 2 +1 3 -1 4 21/9/73 4.8 1 0 21/9/73 
-0 2 -1 3 -0 1 -0 7 -1 0 22/9/73 4.6 +2.3 0.9 +2 5 16 5 16.3 22/9/73 4.6 +2.3 +15.3 

0.9 +2 5 16 5 +1 23/9/73 6 9 3.4 23/9/73 
0 0 -0 4 -2 7 -1 4 24/9/73 6 9 3 0 1 6 24/9/73 
-0 1 -0 7 -0 2 -1 4 -1 0 25/9/73 6 8 2.8 0 5 

26/9/73 - -0 1 -0.7 - -0 5. -3.4 -2 0 5 9 
27/9/73 6 7 +5.8 2.3 +12 7 +9 0 0 1 27/9/73 6 7 +0.8 +5.8 +1 9 +12 7 +9 0 
28/9/73 7 5 4 2 5 5 28/9/73 -0 4 -2 7 -n 7 -4 7 -3 7 29/9/73 7 1 +0.7 3 5 +0 4 0 1 29/9/73 

+0 1 +0.7 0 0 +0 4 
30/9/73 7 2 -0 3 -2 0 3 5 -1 1 -7 3 -4.6 -
31/9/73 6 9 2.4 -



APPENDIX IV 

To calculate Thornthwaite Potential Et 

To calculate t o t a l , mean, standard deviation, minimum 
and maximum for each variable i n a set (or subset of 
observations) 

To calculate c o r r e l a t i o n c o e f f i c i e n t and regression 
equation intercept and c o e f f i c i e n t 

m . — > - - - J 1 _ i . — 1 „ i - „ _ J — J , ^ . ^ i 1 „ -
J . W ^ 1 U L L 1 J T U L U ^ j L a j ' l l D W - L D j . L l l U i . a L C U C l L l U i . V- ^ \J ±. \* C V* l l l C U L l 

daily flows 
To plot hydrographs of simulated and recorded mean 
da i l y flows and calculate correlation c o e f f i c i e n t 
between simulated and recorded flows 

http://Dj.LllUi.aLCU
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